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ABSTRPLCT 
A preliminary design of a manipulator system, applicable t o  a Free- 
Flying Tehoperator  Spacecraft operating in conjunction with the 
Shut t le  or Tug, is presented. The preliminary design is sham t o  
be within today's state-of-the-art  as re f lec ted  by the t yp ica l  nof f -  
the-shelf" cmponents selected f o r  the design. 
simple, control  technique is proposed for  appl icat ion t o  the Purnipula- 
t o r  system. llhis technique, a raage/aziPuth/elevation rate-race m, 
w a s  selected based upon the  results of man-in-the-loop siopulations. 
Sewxal areas are ident i f ied  i n  vhicb additional emplusis must be 
placed pri.or t o  the  developeat of the manipulator system. 
r e s u l t s  in a manipulator system which, when developed for  space appl ica t iom 
in the  near future, will provide an effective gethod fo r  servicing, 
maintaining, and repa i r iag  satellites t o  increase their useful life. 
A mu, but r e l a t ive ly  
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I. I NRODUCTION 
Plans for  extending man's exploration and understanding of space 
include the use of cemotely controlled te leoperators  which, 
when controlled from a safe ,  habitable location, have the  advantage of 
using man's a b i l i t y  t o  make decisions a s  unforeseen conditions a r i s e  
while contributing s igni f icant ly  t o  h i s  safety by permitting him t o  
" s tand-o f f " from any hazardous cond i t ions. 
Teleoperators, f o r  space application, are generally c l a s s i f i ed  in to  three  
d i s t inc t  systems: (1) Attached Teleoperatots; (2) Unmanned Roving Surface 
Vehicles; and (3J Teleoperator Spacecraft. 
plementary i n  tha t  the  f i r s t  operates solely within the  range of a manned 
spacecraft such as the 15.3 meter (50.0 f ee t )  s h u t t l e  attached mmipulatw- 
presently under study fo r  use i n  shu t t l e  cargo handling while the  see 
operates on lunar or planetary surfaces similar t o  the  Russian lunoki.&. 
The th i rd  system, the teleoperator spacecraft ,  takes up the  gap between 
the  other two systems by enabling the inspection, r e t r i eva l ,  on-orbit 
maintenance and servicing of payloads separated from the  Shuttle.  
The functional requirements and lead technology item3 fo r  
these teleoperator spacecraft  systems are presently being studied and 
developed by the  NASA. 
free-flying teleoperator spacecraft  QPrS, Ref, 1) refer red  t o  through- 
out t h i s  study, It is a typical ,  experimental prototype t o  be used for  
o r b i t a l  demonstration and evaluation purpcses and was selected by t h i s  
study as the baseline system. mi8 FFTS concept when developed, w i l l  
comprise one of two Life Sciences Shuttle payloads, t he  other  being a 
bio-experiment s a t e l l i t e ,  
load by v i r tue  of the  f ac t  it is inherently a man-machine system, 
depends on man f o r  control  inputs,  and exists for  the purpose of ex- 
tending man's unique capab i l i t i e s  beyond h i s  physical presence. The 
E'FTS consis ts  of four basic elements: 
t ro l l ed ,  t o  provide maneuvering t o  and from the  work site and mobility 
These systems are extremely COW 
One such teleoperator spacecraft  system is the 
The FFTS is considered a Life Sciences pay- 
(1) a vehicle,  remotely con- 
1-1 
about the  s a t e l l i t e  a s  required; (2) ons or mar- mziripulative devices, 
representati-Lve of man's arms and hands, t o  enable the performance of 
tasks  a t  the work si te;  (3) a v!sual system, analagous t o  mn ' s  eyes, 
t o  allow viewing of the  work s i L e  and task ac t iv i ty ;  and (4) a control  
and display s t a t ion ,  remotely lccated i n  a manned spacecraft  or on the  
surface of the  ear th ,  from which the t o t a l  E'ETS mission operations are 
manually supervised and controlled. 
The scope of t h i s  present study is t o  invest igate  the design of a manipu- 
l a t o r  system applicable t o  the FFTS operating i n  conjunction with the 
Shuttle. The spec i f ic  objective,  based upon the most promising 
concept, is t o  provide a preliminary design of the concept and a ;re- 
liminary spec i f ica t ion  document for .the FE'TS manipulator system. 
The study was divided i n t o  four tasks  as outlined below: 
Task 1: 
ware componercd and cont ro l  modes adaptable to  remote manipulators 
operating in  ayace. 
Manipulator System Survey - A br ie f  survey of existing hard- 
Task 2: 
requirements ana lys i s  t o  e s t ab l i sh  the  F'FTS manipulator system require- 
ments. 
design task. 
FFTS h i p u l a t o r  Swtem Requirements Analysis - A preliminary 
These requirements erve as a basic  input t o  the  conceptual 
Task 3: 
conceptual designs which serve as candidates for  the  FFTS mission appli- 
cations. 
s ing le  concept for fur ther  consideration. 
Maniuulator Conceptual Desinns - A development of manipulator 
Trade study analyses provide da ta  t o  enable a se l ec t ion  of a 
Task 4: Preliminary Design - A orellminary design of the selected con- 
cept supported with engineering analysis, t rade s tudies ,  and design 
layouts. 
This report sumnarizes the  r e e u l t s  of the  work performed during t h i s  study. 
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11. MANIPULATOR SYSTEM S U l i \ T *  - 
The manipulator system survey, Ref, 2, indicated tha t  there  e x i s t s  a 
wide spectrum of manipulator systems presently being used wi th in  the  
confines of the ear th 's  surface i n  indus t r ia l ,  hot-lab, and undersea 
applications as shown by Tables 11-1 and 11-2. A r r l a t i v e l y  few systems 
have been used i n  space applications such as the  Viking Surface Sampler, 
Surveyor Moon-Digger , and spacecraft  deployable booms. 
As a r e su l t  of the svrvey, it w a s  concluded tha t  most systems were con- 
ceived an4 developed for  spec i f ic  applications. As a par t icu lar  system 
became available,  new .applications f o r  t h i s  system evolved and put i n to  
actual pract ice  using the ident ica l  system. Maximum advantage was taken 
of the a b i l i t y  t o  place the cont ro l  device near the manipulator and, 
based upon the simplicity of control  implementation, the master-slave 
and switch control led systems dominated the  technology. 
I n  new application., where operat ional  o r  enviromental  constraints  
existed,  i.e., minimizing the  operat ional  volume or  the bulkhead s i ze  
for  undersea ac t iv i ty ,  joyst icks  and switch type control  using electri- 
cal  cable connections t o  the  manipulator actuators  were used. 
For repetitive type functions, such as assembly l i n e  operations, mani- 
pulative devices have been designed t o  augment the operator. 
devices are e i t h e r  preprogramned with the zzquired operations or  taught, 
via the  computer/aperator, using the "teach" technique. 
systems were designed fo r  t h e i r  spec i f ic  application. 
These 
Again, these 
It i s  important t o  note, t h a t  several areas of manipulator technology 
which must be considered i n  space appl icat ions were not necessarily 
s ign i f icant  design dr ivers  fo r  ground based applications. These in- 
* This sect ion presents a br ief  suurnary of the Task 1 Fina l  Report 
bf. 2). 
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Table 11-1 Indus t r ia l  Manipulator Sumpary 
I 
! 
I 
j ! 
1 Sunstrand I ' l'aed by Do% 
1l.JSKg ( 2 5  ibr) 
accuracy (12 mils) 
I repeatabi l i ty  
5.08 1 0 - L  I 
I ( 2  m i l s )  
I Gorp 
1 
Lked far p a r r s  inscrciac in  the e l ec t ron ic  f i e ld .  
RograMble using PDPlb. 
Five-axi; maniyulator, e l e c t r i c a l l y  d r i v m  v i th  
a 1.006 mrraor?. 
' (hruay!  
r ~ ~ e c t r o - ~ u x ,  *arer ia l  ~a11d-1 
c- , Auto-PIace ; A u l d  Place 1 S m a l l  rarcs 
i Diu.  Er ie  
Co.(Suredin); l i n g  Unit 
Central 
laboratory 
i Research 
1 A r t - t i c i r l  T ~ S L  Bed 
1 Intel l igence 
I Laboratory ;*-- 
Iran.. Cory. 
Robotic I 
Rortr& ur ine  e1crt ranchan;cal  r c l q s .  
hcumatic puuercd. Cme = d e l  has c y 0  arms. 
&.%Kg (10 l b s )  1 PnccnaIically r c t u a t d .  programed f r a  a 
1 Uachine Tool1 
~ corp. 
bath tubs Similar t o  Versa-ran. 
accuracy 2.01 x 
io-%(+ 8 ails) 
I I 
!ervo-driven. four-fox-long.  c a p u t e r  rontrollcd 
arm witn s t x  degrees-of-freedom. Used to arscniblc 
(.' t o  50 l b t )  
rated 
I 1 
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Table 11-2 Undersea Manipulator Sunmary f  
Averale L i f t  
Vehicle E Goatto1 S u u r y  I Cap8bilities I I ' -914 2.7 I (200 l b  at 9 f t )  I Fine - Elbow Wrist Uewh Tu0 Joys ticks for each arm: Coarse-Shoulder I Qc A m .  Electric, 
6 DOF 
1 22.6 4 at 1.5 m 
(50 lb at 5 ft)  
12.7 KC a t  1.8 = 
Four A l t e t D . t e  
(50 lbs at 6ft)Peach; 
lbrmcing hsi-  
I - - - 45.3 4 at 2.1 I (100 l b  at 7 fc); Variable Posirimed 
Base, Retractable f 
Toggle Sritch 
Adjustable Grip 
Force 
Joystick 
Proportionate Rate 
Coptrol 
1Lo Am. Hydraulic 
hoportiomate, 8 WF 
&nM N 
lbo Arm, Hydraulic, 
7oOF 
Toggle Switch 
Ad juscablc Rates 
 
1 
.I i 
1 
t 
(hc Arm, Uydraulic. 
3 DOF 
Joystick Ua:e 
Control 
1.1 I ( 3 . 5  f t )  
I (49 in) h u h ;  
L i f t  
2.3 I (7.5 €t) 
Reach; 22.6 
(50 lb) Lif t ;  
Multiple Tool; 
Pc-tly 
MOUIlttd 
22.6 Q (50 lb)  
-- 
(hc Arm, Uydraulic. 
2 DCF 
one Arm, Electrical, 
6 WF 
Joysticc Rate 
Control 
Toggle Switch. M- 
S p e d  Pate ?mtrol 
Selectable C:io 
Force 
k l c c t x b l e  Joint. 
Fbsitim Control, 
Jcyrcick. M just 
Grip Force 
(& kr, Uydrrulic, 
7 M F  
&re Control, 
Auto Stou86e 
2.5 I (7.5 f t )  
Reach; 22 .OQ 
(50 lb) L i f t ;  
Plult iple  Tool;  
recmmntly &nmced 
22- at  2.1 I 
(500 lb at  7 f t ) ;  
22.6 Kg a t  4.6 m 
(59 Ib at 15 fc)  
I pa( 
I 
Remote. Electric 
Iktor, 5 DOP 
llclDte Rate 
Cmtrot .  Four 
I V  C u r a s  
Push 8uCCOO b t C  1 %.I 8 C  2.3 
Colrtrol,SelectJblc I (120 l b  at 7.5 ft); 
Rates I Toolbchmge 
?ugh Butcoa R s t c 7 2 2 . 6  tc a t  1.2 I 
Cmtrol ! (50 lba at 4 f t )  
~lld Button  ate 
Control 
Push Button Rate ! 22.6 ICg at  0.7 P 
Control I (50 lb at  29 in) 
! a.1 4 at 2 
(1% l b  at  6.5 f t )  
Tu0 Arm, Hydraulic 
7 D w  
b e  Arm Bydraulic, 
4 -  
(hc Arm nydraulic, 
6 -  
(bc A n ,  Electric 
6 WF 
Oae A m .  Hydraulir: 
7 WP 
Push Button Rate 1 Several Arms 
Control, Grip i Fitted t o  Ihis 
Adjust Variable i Vehicle at  Various 
Race I Points i n  T L ~  
mmTB 11 
I 
~~ ~~~ 
b e  Arm (Claw) 
Hydr au 1 ic 
3 co 4 WP Remote 
*mer. 3) 11-3 
cluded: (1) the lack of d i r ec t  operator viewing; (2) the impact re- 
su l t i ng  from large < nputational requirements; (3) the des i re  t o  per- 
form general purpose rather  than spec i f ic ,  repe t i t ive ,  or automatic 
type operations; (4) the  minimization of the  operator workload (since 
operators can be relieved when t i r ed ) ;  and (5) transmission l inh time 
delays resu l t ing  from physical separation of the  manipulator and the  
control  device; ( 6 )  r e l i a b i l i t y  of operating i n  space; and (7) the  
manipulator/work si te interface.  
challenge to  the expanding f i e l d  of manipulator technology as ref lected 
by the new control  techniques being proposed. 
Each of these areas provides a new 
A s igni f icant  conclusion resu l t ing  from t h i s  survey w a s  t ha t  whethez the 
manipulator system is presently an off-the-shelf i t e m ,  a special ap2li-  
ca t ion  type design, or i n  the conceptual stage, a l l  thc components, 
sensors, devices, etc., used or proposed were within i : sixsent state- 
of-the-art. 
the  technique and developing the technique in to  a practical design. 
The major concern is basical ly  proving the f e a s i b i l i t y  of 
Additionally, i t  w a s  noted tha t ,  i n  general, the  manipulator configura- 
t i on  impacted the control ler  design and the control laws implemented,' 
This in te r re la t ionship  was so prominent that to  design a manipulator 
vi thout  considering the control  laws and cont ro l le rs  t o  be used, as 
wel l  a s  the tasks  t o  be performed and the man-machine in te r face  required, 
may r e su l t  i n  an excessively complex system. 
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111. PRELIMINARY REQUIREHENTS ANALXS1.S" 
A preliminary requirements ana lys i s  for  manipulator systems , applicable 
t o  the FFTS operating i n  conjucction with the Shuttle and Tug, was per- 
formed. The requirements analysis  investigated two types of manipulator 
,ystems: a general  purpose manipulator having the  primary function of 
on-orbit servicing and mintenance of satellites and a r e t r i e v a l  type 
manipulator for  use i n  support cf satellite deployment and r e t r i e v a l  
applications,  which included the  spinup of Ezployable s a t e l l i t e s  and 
the dynamic passivation of spinning/tumbling s a t e l l i t e s .  
A sumwry of the requirenrents es tabl ished (Ref. 4) are shown i n  Tables 
The requirements were developed as a r e s u l t  of de- III-1 through IU-3, 
r ivat ions,  assumpcions, estimates, technical  judgment, and general  
guideline considerations. In  addition, the  r e su l t s  of a recent study, 
Shut t le  Remote Manned Systems equirements  Analysis, NAS8-29904 (Ref. 5) 
were incorporated. 
Several s ign i f icant  aspects were ident i f ied  during t h i s  analysis,  
examr'.', while the  FFTS docking device was i n i t i a l l y  considered soue- 
w h a t  unrelated t o  the  manipulator preliminary design study, a reduction 
of both the general  purpose manipulator and visual sensor a r t i c u l a t i o n  
complexity resul ted when the E'FTS docking device contained e i t h e r  dock- 
ing symetry  o r  continuous ro t a t iona l  fea tures ;  e.g. rotate or redock 
the FFJ!S, via  the  docking device, t o  reposi t ion the  manipulator at a 
~ E W  wc 
xe; ,h capabi l i ty .  
For 
site as opposed to providing the  manipulator with the  addi t ional  
A review of the requirements also indicated t h a t  the general  purpose 
and r e t r i eva l  type manipulators had c e r t a i n  areas of coaraonality such as 
reach, FBLS, and torque. 
purp3se m n i p u h t o r  could provide retrieval capabi l i ty  fo r  a l l  i den t i f i -  
aole  nominal satell i te dynamic states. 
dynamic states or  contingency type f a i l u r e s  occur was a dedicated re- 
t r i e v a l  type mnipula tor  required, 
Additionally, it was shorn that the  general  
Oniy i n  cases where off-nomina1 
*This sec t ion  presents a br ie f  sutmmry of t he  Task 2 Fina l  Report 
&f. 4). 
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Table 111-1 Program C r i t i c a l  Spacecraft Requiro,ments Surmrary 
t t d  Spacecraft 
lo. I ApDliCable Subavata  
Shuttle Orbiter 1.0 I 
I 
I 
i 
I 
i 
Selected Icpuircuata and C b r a c t e r i a t i c r  
Payload Bay Site 
Payload Lunch Cap.- 
b i l l t y  
16.3 x 4.6 m dia. (60 f t .  x 15 f t .  dia) 
29.k'O Kg @ 26.5' Incll365 h (200 n.mt) 
Envrn.. b y  area 
b u n c h k t r y  Load 
De-i$n toad for  lit- 
C W a  
X ' a  for  30 minutea 
12 c 
Shuttle/P?K Interface 
Service interface by 
Shuttle 
- - . 
Sbuitle Paylodm 
Size Range 
Weight Range 
PaylodalShuttle Fll@c 
Payload Support Funccn. 
Dynemica. Spin Rate 
DeploylRecrieve 
k r t h i q  Stat ion in Shuttle h y  
~Eleccrical. mechanical, (mounting. deploy and retr ieve)  L 
f luid (refbelt-) - . . .._ - ---- - - 
0.5 - 4.3 m ( t . 6  - 14 it) d i a  8 0.6 - 17.7 m (2-58 fc) Long 
90 Kg (200 lb) S a t e l l i t e  t o  20.400 K$ (45000 lb)  Sortie 
<so rpl 
1-5 
Provide FFTS a i r  of attach. along ratell ite apin or tumble u i  
-- 
WTS 
Site 
Ucighc(Spuecrafc) 
Reliability 
Safety 
Removal from b y  
Return to  Bay 
Loagitudinat velocity 
Lateral velocity 
Angular miaalignmmt 
Anyilar rate 
Insert/remove pornition 
Target capture c a p -  
Sprcified Traj. accur. 
Tranmlntloa rmse 
Sixe (Length 6 Die.) 
Payload; Sire(Length) 
Paylod Delivery 
Power 
HiS8iOO 
Coounication Data 
SatelLite Servicing 
Space Ileplaceabh & i t a  
b i l i t y  
fig 
unit (SSU) 
Nuder of SW'a 
Weight range 
(SRU'C) 
I 
0.9 x 0.9 x 1.5 (1. (3  x 3 x 5 f t )  
162 K$ '602 lb)  
DPTS will be deaigned to be f a i l  aafe 
Ilo r:ngle point failure in subsyater ahall cmae a cataatropic 
Compatible with sa)8 for  on-orbit removal 
Capture by $AI6  require. PRS t o  l i n t a i a  follouing: 
Fm actloa. 
0.015 m/aec (0.05 f t laec)  
0.015 daw (0.05 fclaec) 
+ 0.009 rad e 0.5 del) 
OT0175 rad/sec ( 1  deglaec) m x i ~  
Rorixontal for Shuttle Orbiter. Vertical on launch p d  
Target poricion i a  known t o  2 1.852 - 3. in  aech u i a  
Within 5% or 0.5 m (1.6 f t )  
Up t o  5000 m (16.500 f t )  loaded 
I n f o r u t i o n  on i n i t i a l  and final tu8 haa bem combined 
9.7 x (3 t o  4.5) m. (32 x (10-15) f t )  
7.6 (25 f t )  
1590 Kg 0.500 lb)  
0 - 300 watta while attached 
Deploy, retrieve qad aervice 
2 Kbpa CW, 2 Kbpr RI 
Provide automatic aacellite rervtcfn6 
40 rtrndard -mica 
9 t o  109 (20 to 240 lb) 
Table 111-2 FFTS Manipulator System Subsystems Requirements Summary 
.tern 
lo. 
.O 
- 
Pequirearntr 6 C~AKACI 
Cmeral Furpone 
Subr j r tw 6 Elemento MAtlipU1ACOK 
Structure 
Itmiputtor Sjr tm 
k o g t h  
Spinup 6 Derpin 
Applied Torquer 
)lotion Arrent Time 
Tip Force, Ful l  Cxt. 
Tip Speed, l l u i u m  Pul l  8xt. 
' 
2-3 meterr 
2-3 -tern 
11.3 4 (25 lbm)/o 
n.arLrphrricr1 over dockin1 
ta t r rchuyeable  
Cluup or Inrert 
inter face 
2-3 mterr 
20.22 I - M  (15 f t - lbr)  
45.5 I (10 lb) min. 
0.6 M/sec (2.0 f t / r r c )  
- 
sa, Cayge,Bold and Reteare 
CrAOp Width LO-L6 cm mar.  
Cr4rp Depth 3.8 cm min, 10 cm mu. 
CtAOp Force 44 .5491  (10-20 l b ~ )  
DO& of  ?reedom 1 
tm&l, unit TBD 
Inter, I l ec t ro  Mechmlcal Interchangeable 
Weight W i t  
' 
11.3 4 (25 1bm)h - 
Actuators 
Type unit. 
Powt 
Output Velocity 
Y t i r t / b d  I f f .  Inter. 
searorr 
?orce, EE Wriet 6 Am 
Feel. tt 
Cootrol Klectronicn 
Coatrollerr 
-- .- -. . -. - . . 
. .. -- -_ --_^- 
-- 
I 
1.0 
B.0 
- 
- 
M0dul.r 
1-2 
3 wtero UI. 
rm 
3 meter. 
11.3 4 (25 lbm)/m 
2-6 
Circular ia front of RM 
I n g 4 e .  Bold 6 Releare 
10-16 Cm .Q. 
15 cm UI. 
44.5-89N (10-20 t b ~ )  
1 
In te rchm~eable  
Tm 
11.3 4 (25 Ita)/= 
3 meterr, mx. 
0 t o  60 rpa 
20.22 N-M (15 ft- lb) 
12 minuter, mu. 
46.5 I (10 Lb) w. 
3 M / r c  (9.9 ft/Oec) 
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Table 111-3 FFTS Subsystems Requirements Stmmary 
Item 
1.0 
Spacecraft 6 Lltncntr 
FF'B (Smcecraft located ) 
Size, Bareli3e 
Weight (Spacecraft ) _-___ _ _  --- . . - -. . - .-- 
Dockiq Device 
r r tS lSa ta t l i t e  Separation 
S a t e l l i t e  End Docking 
-- 
3.0 
7- 
4.0 
S a t a l l i t e  Side Docking 
Docking Reposition 
Cloring Vetocitier, Axial 
Lateral 
Angular 
hIiralignmentr. Radial 
&I@lhr 
Rotational ---- ..-- .--.. - -___ . 
Virual Senrorr 
Sensor to  workrite dirtancc 
Trmrmirrion Ti- t a g  
Sensor Field of V i e w  
Smror Articulation 
Sensor Senr i t iv i ty  
Txmrmitted Frame Rate 
Displayed Fr4me Rate 
Rerolut ial 
Bandwidth ---- --- ----- 
Cuidmce/Navigation 6 C o a t .  (GW 
Arrure Relative Attitude 
Rovide Control Info.Within: 
Attitude. Rater 
Relative position 
Relative ve l&i t ie r  
C.8. 0ffl.t imoJnitY 
Nav. and Tracking accuracy 
----.-__--I-- 
Propulrion/Reaction Control 
Total Impulre 
Provide R o p e l l m t  Off-load 71 Emergency propellant ventins 
- 
6.0 
- 
7.0 
P-R-Y Attitude Hold Accur. 
X,Y.Z Tranr. Hold Occur 
Velocity Change Capability 
Attitude Change Capability 
Transtating Capability - -.- 
Power, Electr ical  
FFTS Load 
Mirrion Time baration 
Warmup + Checkout Time 
Rated Dircharge Time 
Recharge T i m e  
Temperature Range Operating 
Recharge Cycles 
Batteries 
Total Battery Energy 
Total Battery Energy 
L0.d buacr 
Voltag. 
SOU~CO, Weight 
Source, Volulu 
Subryrtam (Shuttle Located) 
Sire Bareline 
Weight (Bareline e s t )  
111 Specialized Computation Autmonour Control FaAtUrel Intarf. InterroBation Rata Computation Cyclr Time 
~~ ~ ~ ~~ ~ 
Selected Requirrmrntr 6 Character i r t tcr  
For SyrCem Level re. TablefII-1 
0.9 x 0.9 x 1.5 m (3  x 3 x 5 f t )  
182 Q (402 lbm) 
Primary location on front rurface of FFTS 
S2 m (6.1 f t )  
- - - - -- --I-.- - - - - 
Manipulator capable of reaching cyl indrical  e d p  
bhrltipla dockinn location 
of s a t e l l i t e  
consider 120' pGrition.1 ryPmYtry 
0.03 t o  0.305 m/rec (0.1 to  1.0 f t / rec)  
0.0 to  0.152 m/aec (0.0 to  0.5 f t / r c )  
0.0 t o  0.0175 r a d l r c  (0.0 t o  1.0 deg/rec) 
Up to  0.305 m (1 f t )  
t 0.087 rad e 5 des) 
+ 0.087 rad 5 deg) 
.- - I - 
Provide coverage of a11 arnipulator ac t lv l ty  
Articulated t o  a t  l ear t  1 m (3.28 f t )  
0 - 6 seconds 
0.12 t o  0.7 radienr (7 to  4b degrtes) 
Rovide k r t e r a d i a n r  coverage; 1 meter min. range 
Haximum threrhold - 60 f t  - lambertr 
A12.5 framerlrec 
A15 frames/rec 
Taak performance - 100 l i n e  pairs  horirontal /ver t icr  
500 ABS --- - ___.- 
- + 0.00044 rad e0.025 deg) about orthog,rot. ax is  
40.00022 rad/scc e . 0 1 2 5  dcglrec) ortho, rot. axis 
- + 0.05 m e 0.017 f t )  on otthogonal ref. t C M 8 .  u i r  - + 0.015 m/mc e 0.05 f t / r c )  on orthogonal ref. 
t r ~ u s l a t i o n  u i r  
+ 150% about my  a i r  
0.0305 m (0.1 f t )  or 0.1% a t  a  AX. rmge of 
3000 m (9800 f t )  from a primary t r ~ c k i n g  r ta t ion  
- 
- 
--- 
66,800 N-rac (15,000 Ib-sec) 
FFTS berthing r ta t ion with doors open or closed 
Use non-propulnive vents and di rec t  away from any 
oblectr beinn handled or t r rnswr ted  
+ 0.6018 rad (i 0.01 des) eithrr 'loaded or unloaded - 0.0032 m e c.25 f t )  
Total AV is 30.5 mlrec (100 f t / rec)  
Total O W  i a  20r rad (3600 dag) 
5000 m (16.400 f t )  -
610 watt hours 
28 VDC non, to  2 4 VDC 
2.5 hour nom. 
20 minuter MX. 
Minimum 1.0 hour8 
16 houri 
-40 to  + 165OF 
80 cycle. 
Dual battery banks 
26.4 l b  
1.7 cu f t .  
2 paral le l  c r i t i c a l  toad burer + 1 non-critical 
TBD 
227 Kg (500 Ib) 
Stabi l izat ion,  navigation, mnipulation. etc. 
A t  l eas t  20 srmplar/rec. 
0,017 rec 
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Table  111-3 (Cont'd) 
I 
tem 
0. - 
9.0 
0.0 
1.0 
- 
2.0 
L 
- -. --_-- --- 
Spacecraft h Llemontr 
Cectral Data Relay N.t (CDW) 
B**iC Elemmta of COIN 
FFIS C o m n k a t i o n  Uindw 
- - -  
-_ .__ --_ _-.I- - 
Coaunicatioar 6 Date bt. 
Bmdwidth 
C10:  Manipulator 
TZL: Manipulator 
Platform 
Video 
P1AtfOnB 
Telemetry w e  Total 
Coom.Bange(Orbita1 Cd. Stn) 
Relative Velocity(mxinua) 
Carrier Frequency Band 
Comunicat ion Window (Hin) 
Time h h y s :  R o p ~ 8 a t i o n  
Orbital Coverage ( I D I S S )  
Video Proceir 
Minimum Coverage 
Control and Diaplay Station 
Location Coorideratioar 
W/Machine Interface 
Anthropometry Considerations 
Number of Operrtorr a t  CD6 
CDS Configuration 
?!e Cov_cr?4L--- - 
Physical Configuration 
bperator/Conrote bve lope  
Coneole UeiCt 
OperaCor/Coosole Dimenmima 
Baric Aeruqtioa 
Bye t o  pr imry  dlaplayr 
Eye t o  aroadary dimplaya 
b r i r o n t a l  line-of-right 
Panel viewin8 l i ~ - o f - a i s l  
Functional reach 
Restraint (minimum) 
CDS b n e l  Surface Area 
Optiltl Area 
Peripheral, Optimum 
Acceptable Area 
Mipulator Coatroller loc. 
Operrtor/Coatroller Dim. 
Kye t o  Blbov 
Elbow t o  mndgrip 
Manipulator C011tlr.R.rd8r 
Controller Ikut. ma. Ref 
Controller Operati- hv. 
Rorirontal movemetat 
Vertical mwemnt 
'Safety 
%pored Rquir . l l .n t r  
Potential 8.sard Arear 
RCS/Ropulrion Rardware 
S e l c  ted Requitemrntr end Charrc ter t a t lca  
Shuttle Orbiter. Space end Ground tracking. etc. 
Hintmum of 1200 rec 
___. .-. --.---- --- ---.- 
1 kbpr minimum t o  20 kbpr derived maximum 
1 kbpr minima t o  2 kbpr derivrd m u c t m m  
0.0: kbpr 
2 kbpr minimum to  4 kbpr derived ..rima 
27 kbpr minimum t o  17,000 kbpr derived r u h m  
30 kbpr minima t o  17,000 kbpr derived uriw 
0.5 to  10,OOO m (1.6 t o  32,800 f t )  
300 d r c  (1000 ft/eec) Co-orbiting t l e r n t r  
S-Bud primary (X or K) 
1200 aec. 
0.12 t o  0.3 eec 
Up to  6.0 eec 
05% for  200 hp 
- 100% b e t w m  1200-2000 Irm 
A a r u  located i r  iutcle Orbiter (war res t r ic t ive)  
Shuttle, rortie-laboratory md on the  ground 
Opcrator/conaole, operator/controller 6 operator/r.ertr 
A c c o d r t e  5th  t o  9 5 3  percentile n l e  
Cmaider one operator aa a deaign guideline 
Aaaume baaic configuration reported in Ref. 7 
Uae ?is 111-5 ar rtudy barelfnc 
Tm 
48 k8 (106 lb) 
lixrd eye - head poaition for  a11 airem o f  operators 
55.5 em (22 in) alOtt8 lin8-of-aight 
33 t o  75 cm (13 t o  29f in) 
Perp.cldicu1.r t o  ver t ical  body a i r  
63 cm (25 in) from arm pitrot point ( S a  % u l e )  
W a i d l a p  bolt d toe bar 
-ea from optiarm t o  acceptable 
1265 rq. cm (1% aq. in) 
2715 rq. cm (420 rq. in) 
Ranger f r m  2840 (460 rq. in) t o  12,650 (1960 aq in) 
TBD 
Uae 56.4 cm (12.3 in) ,  9 5 s  percentile u l e  
Ure 37.6 cm (14.9 in), 95& percentile male 
A a a m r  comfort pori t ioa of 95th percentile r l e  
Arm a t  ride with 1.56 rad (90 deg) bmd at  elbov 
A r a u r  optimum volume for operator comfort 
15.3 em (6 in) r d h r  from neutral position 
20 cm (0 in) up to  15.3 c a  (6 in) d m  frombeut. poa 
0.26 rad (15 deg) b e l w  boriroatal  line-of-right 
Space Shuttle related a c t i v i t i e r  w i l l  comply with 
There areas w i l l  be derimad with f a i l  eafe featurea 
Will have fectorr of aafety ar per ME-HDBK-505 
m-5300 
111-5 
IV. MANIPULATOR SYSTEM CONCEPTUAL DESIGNS 
This sec t ion  describes the  r e s u l t s  of the work performed during Task 3 
of the  study, Manipulator System Conceptual Designs. The objective of 
t h i s  task  was t o  generate conceptual designs which can serve as candi- 
da tes  fo r  the E'FTS mission applications including both satellite ser- 
vicing and re t r ieva l .  
The conceptual designs were developed considering primarily the four 
major elements of the canipulator system: 
control  method, and ead-effzctor. 
configuration, control ler ,  
A. MANIPULATOR CONFIGURATIONS 
Configuration concepts were divided i n t o  two categories,  a General 
Purpose manipulator for  satellite servicing a p p l i c a t i m s  a d  a 
Retr ieval  'Iype manipulator for  satellite re t r ieva l .  
pose manipulator i s  discussed on increasing complexity from coacepts 
with minimum degrees-of-freedom a.0.F.) t o  concepts with -re than 
six degrees-of-freedom, 
of options which can be incorporated t o  increase the  reach. 
options, however, require additkonal DOF's. 
concepts are discussed i n  t e r n  of the  satellite dynamic state - stable ,  
spinning, and spinning/tumbling. 
Retrieval manipulator is a special case of the  General Purpose nranipu- 
l a t o r  and, i n  many instances, the  General Purpose manipulator is ab le  
t o  perform the  r e t r i e v a l  tasks. 
Purpose Manipulator d i r ec t ly  a p p l i e s  t o  the  Retrieval Manipulator. 
The General Pur- 
In each concept discussed there are a number 
These 
The Retr ieval  Manipulator 
It should be noted, however, t ha t  the 
Thus, the  analysis  used fo r  the  General 
1. General Purpose Maaipulator - Less Than Six Denrees-of-Freedom 
The minimum M)F General Purpose manipulator consis ts  of an arm which 
only pivots about the base as shown i n  Fig. IV-1. I n  t h i s  configuration, 
I IV-1 
the  number of modules t h a t  can be serviced is limited t o  modules lo- 
cated on the a rc  i n  stackinp order. 
the FF'TO must redock or  ro t a t e  with respect t o  the sa te l l i t e  a t  the 
docking interface.  I f  the  module/satell i te in te r face  requires  tha t  
the modules be removed with a motion perpendicular t o  the satellite end, 
then the manipulator must incorporate an addi t ional  DOF, typ ica l ly  an 
extension shown i n  Fig. IV-1, 
In  order t o  service more modules 
Also shown i n  Fig. I V - 1  i s  a two M)F concept u t i l i z i n g  a t u r r e t  mechanism 
t h a t  ro t a t e s  and extends. Following the docking of the  FFTS t o  the space- 
c r a f t ,  the  dqcking device w i l l  r o t a t e  the  PFTS t o  a l ign  the extendible 
boom with the par t icu lar  module t o  be removed from the  spacecraft. 
boom is extended and the end e f f ec to r  grasps and unlocks the  module. 
The extendible boom retracts, removing t h e  module u n t i l  clear of the 
spacecraft. 
an empty storage rack. 
and is locked-in. 
module i n  one of the other rack positions. 
reversed t o  place the new module i n  the spacecraft. A preliminary con- 
ceptual design of :he mechanism involved i n  t h i s  type of manipulator is 
i l l u s t r a t e d  i n  Fig. IV-2, 
c m o n  b a l l  screw device complete 
achieve the speed and force desired. 
the cam r o l l e r  guide located forward of the drive. 
i s  located d i r ec t ly  under the b a l l  screw drive and rotates. 
The 
The t u r r e t  then r o t a t e s  u n t i l  the  module i s  aligned with 
The boom extends placing the  module i n  the rack 
The boom is then ro ta ted  t o  pick up the  replacement 
The procedure is now 
The extendible boom is operated by using a 
with a motor driven gear t r a i n  t o  
The boom is s tab i l ized  through 
The turret drive 
Additional concepts, i n  which the  base of the  t u r r e t  mechanism is  
moved with respect t o  the FFTS, provide an increase i n  manipulator 
reach and workj-3 volume. 
eas i ly  extended. 
the increased coverage. 
Thus the  number of modules serviced i s  
The concepts can use various mechanisms t o  accomplish 
IV-2 

Two concepts a re  i l l u s t r a t e d  i n  Fig, IV-3. Tine f i r s t  is a s ing le  seg- 
ment arm which provides addi t ional  posit ioning cepabi l i ty  t o  the t u r r e t  
drive. 
with an extendable member. 
allel t o  the FFTS center l ine regardless of extended posi* icn .  
cons is t s  of a double segment arm of uthequal lengths. long segnent 
passes across  the f u l l  width of the  FFTS, and pivots 5 * base. The 
short  segment pivots around the opporite end of the long segatent such 
t h a t  as the long boom ro ta t e s  n / 2  radiaas,  the  short  boom t r ave l s  r 
1-adians. Thus, a t  f u l l  deployment the two segments are i a  l ine with 
each other for  maximum reach. The short  segmnt  actuat ion is accom- 
plished through pa ra l l e l  bar linkages running the  f u l l  length of the 
long segment t a  dr ive both segments with a s ingle  actuator.  
An a l t e rna te  technique i s  !XI replace t h i s  a i t i cu l a t ed  segment 
In  t h i s  case, the  t u r r e t  device w i l l  remain par- 
lke secoad 
Extend 4 -T- 
45.5" 
a)  Single Segment A r m  
with Tur re t  
b) Double Segment Arm 
with Turret 
Figure IV-3 Articulated "Turret Drive" Concepts 
IV-4 
It should be noted tha t ,  a s  i n  the  case of the two W F  concept, these 
concepts a l l  require tha t  the  modules be stored on an a r c  about the 
ro t a t ion  point a t  the  base of the  tu r re t  which is a s ign i f icant  d i s -  
advantage iI She number or vo?r;me of the modules becomes large. 
Concepts which provide addi t ional  servicing capabi l i ty  are shown i n  
Fig. IV-4. These concepts a r e  alternate methods of moving the t u r r e t  
ADVANTAGES 
SIMPLE MECHANISM 
SIMPLE CONTROL 
LIGHTWEIGHT 
DISADVANTAGES 
ONE SURFACE S E R V I m D  
FLEXIBLE MECHAYISM 
TOLERANCE SEN! TIVE 
ADVANTAGES 
SIMPIE MECHANISM 
SIMPLE CONTEto', 
LIG'd lWE IGHT 
DISADVANTAGES 
ONE SURFACE SERVICED 
FLEXIBLE MECHANISM 
lXILXUNCE SFNSITIVE 
OPTION: 1. EXTEND TURRET I N  THE VERTICAL DIRECTION 
TO ACCOmOOXE 30 RWS OF WWLES. 
TURRET I S  F I X E D  AN0 RELATIVE ROTATION I S  
ACHIEVED AT THE OWKING INTERFACE AND THE 
FFTS ROULE RACK. 
3. COMBINATION OF 1 m d  2.  
2 .  
(a) Circular Track with Turret, 
Figure I V - 4  Cylindrical  Coverage Soncepte 
6) Cylindrical  Coordinate Servicing 
3-DOF Hechanlem, 4-DOF 
I V - 5  
mechanism i n  l i eu  of ro ta t ing  t h e  docking device or  reposit ioning the  
FFTS t o  obtain cmplz t e  coverage cf the  cy l indr ica l  end of the satellite. 
With the Circular Track concept, the t u r r e t  is driven around the t rack  
through a motor driven gear pinion dr ive mounted on the t rack a d  be- 
neath the tur re t .  The extendible boom extends t o  the  module t o  be re- 
=.,ad. 
places the module in to  an open stowage rack located in f ront  of the  
track. 
where the  replacement module and extendible turret are al igmd.  The 
end ef fec tor  would then a t tach  and unlatch the  module from the  FE’TS, 
move the  module i n t o  the  open spacecraft cavity and lock the  module 
i n  place. 
The end ef fec tor  a t taches t o  the mdule,  unlocks the module a d  
The extendible t u r r e t  would then be indexed t o  a new posit ion 
The second concept i n  Fig. IV-4, i n  which the manipulator is mounted 
on the docring device, provides essent ia l ly  the same motion as the 
c i r cu la r  track concept without the t rack and t rack  support weight. A 
similar concept, proposed by 
MSFC, is shown i n  Fig. N-5. 
The carrier vehicle i n  t h i s  
case is the tug rather  than 
the  FFTS. A l s o ,  the  r a d i a l  
arm is supported a t  the per- 
iphery which results i n  a 
less f lexf ble mechanism. 
These 3-4 DOF concepts are 
re la t ive ly  simple, l igh t -  
p--lCCln. DIA I 
*r-1---1 
weight, and small mechanisms 
that potent ia l ly  can s‘; ,ce 
many modules. However, these 
devices complicate the  Ick- 
ing mechanlsm and raquit .  7 
long docking probe t o  pro ’ :: 
Figure IV-5 MSFC 4-DOF bchaniam Concept 
IV-6 
adequate separation dis tance betueen t h e  FFTS and the satellite. 
Furthermore, the satellite in te r face  must be r e l a t i v e l y  free of sur -  
face obstructions o r  protrusions t h a t  may in t e r f e re  w i t h  the t u r r e t  
mot ion. 
Servicing concepts proposed by others  a re  Shawn I n  Figs. IV-6 a d  IV-7. 
The Space Service concept is proposed fo r  the  Defense Systems Rograat 
@SP) satellite. 
only one degree of freedom, it a l s o  requires  a ro t a t ab le  docdog in t e r -  
face f o r  a second degree of freedom, 
is  also Shawn i n  Fig. IV-6 where the docking mechanism provides ro ta ry  
indexing a d  axial motion t o  exchange the modules. 
W h i l e  the concept appears a t  f i r s t  glance t o  involve 
A MWC version of t h i s  concept 
h Be11 Aerospace concept which has received de ta i l ed  iuvest igat ion f o r  
use with Tug is shuwn i n  Fig. IV-7. 
lpDved t o  one s ide  and the  docking device is extended through the open- 
ing. 
rack i s  secured t o  the satellite body. 
coordinates plus a ro t a t ion  at  the  base. 
control ,  r i g i d i t y ,  and one-to-one module replacement but the  s t ruc ture ,  
extendible docking mechanism, and weight appear to  penalize the  co l rep t  
with regard t o  the  working voluone. 
provided with one of the  l i gh te r  weight cy l ind r i ca l  coordinate ne&- 
anisms previously discussed. 
Pr ior  t o  docking the turret is 
Afrer docking the extension mechanism is re t r ac t ed  and the module 
The turret moves in Cartesian 
The mechanism o f fe r s  simple 
This s a x ?  working volume can be 
Another concept providing a larger W u l e  storage volume, by enabling 
module replacement n o m 1  t o  the  satellite cy l ind r i ca l  surface (for 
small diameter Satellites), and module replacement on the end of t he  
satellite (for large d i e t e r  satellites) is shown i n  Fig. IV-8. 
concept is a l s o  similar t o  o m  proposed by General Electric f o r  8er- 
vicing the advanced geostationary operat ional  emtirolmental satellite 
@GOES). 
the  docking device must rotate.  
provide the wlrnoe t h a t  could be achieved i f  the  boorn se-nts were 
This 
Again, in order t o  provide coverage about t he  satellite, 
The boom concept, however, does not 
IV- 7 
Space Servicing 
DSP Concept 
-- --. Directdccess 
Servicer 
PROVIDES EXTWCTI 
INSERT STROKE 
Figure IV-6 Space Service and Direct-Bccess Concepts 
ADVANTAGES 
RIGID MECHANISM 
SIMPLE CONTROL 
DISADVANTAGES 
ONE SURFACE SERVIC"? 
COMPLEX MECHANISY 
HEAVY 
TOLERANCE SENSITIVE 
Figure IV-7 Bell Aerospace Cartesian Coordinates Servicing Mechanism 
IV-8 
S M P L E  CONTROL 
MEDIUM WEIGHT 
ONE SURFACE SERVICED 
FLEXIBLE MECHANISM 
TDLERANCE SENSITIVE 
Figure IV-8 Bocrm Concept 
driven i n  a d i f f e ren t  IParmer, aapely a f u l l m t i o n  ymnipulator. 
2. GP Manipulator - Six Iknrees of Freedom 
The 6 DOF BanipulaLor allows f u l l  ro t ion  of the t i p  o r  end e f f ec to r  
i n  a sphere of radius determimd by the  t o t a l  &, 
and provides i n  general, 3 Dol? translational/3 M)F tational capa- 
b i l i t y .  
allows multiple surfaces on the  satellite t o  be serviced fra a 
s ingle  dock, is insens i t ive  t o  obstructions on t he  satellite surface, 
can service a large number of modules with various s i z e s  and shapes, 
provides a large working voltmre a d ,  with man-in-the-loop, is less to:er- 
ance sensi;ive. 
volume on the satellite, t h e  manipulator a l s o  has the poten t ia l  t o  
s to re  modules OR or i3 more than one surface of the  FFTS. This con- 
cept is representative of what is generally referred t o  a8 a geaeral 
purpose manipulator system. 
' a tor  length 
Typically, a 6 DOF manipulator as illuszra 1 i n  Fig. IV-9, 
In addi t ion t o  having the reach t o  service a large 
IV-9 
As with other  concepts there 
are a number of options which 
can be used t o  increase the 
manipulator reach and opera- 
t i o n a l  vcltme with respxt to 
the  satellite. For example, 
Cf the docking device imor -  
porates an extension, rotat ion,  
and a r t i cu la t ion ,  the working 
volute  is  grea t ly  increased. 
As shown i n  Fig, IV-10, the 
manipulator arm i n  this con- 
f igura t ion  p rwides  f a i r  ly 
coaplete coverage of the 
reprecentative class of 
satellites @ef. 5 )  t o  be 
serviced by the  m S .  
ADVANTAGES 
MULTIPLE SURFACES SERVICEI: 
NEDIUM WEIGHT 
TOLERANCE INSENSITIVE DISMVANTAGES 
COMPLEX CONTROL 
COMPLEX 13EcmNIsn 
FLEXIBLE MECRANISH 
Figure IV-9 Full-Motion Servicing 
Mechanism, 6-DOF 
provided by a 6 DOF manipulator system, As a r e s u i t  of the f l e x i b i l i t y  
a preliminary analysis  of the number of possible combinations of j o i n t s  
and/or extensions was conducted to  e s t ab l i sh  a preferred concept. 
The analysis ,  contained in Appeadix A, trades-off 64 possible caw 
binations of 6 M)F gimbal sequences and evaluates  extendable vs arti- 
culaced joints .  The preferred concept is sham i n  Fig, l3'-11. 
General Purpose Manipulator-More Than Six Demees of Freedom 
A 6 DOF geaeral  purpose manipulator is the siuplest configuration from 
both a mechanical and control  standpoint t o  allow posit ioning of the 
manipulator end point. 
have disadvantages. 
of the  wrist, and the second and t h i rd  ro ta t ions  are about the  8- 
ax€s so t ha t  both arm seguents a re  in t he  saue plane. 
po ten t ia l  disadvantages when working near satellite obstacles  or  
protrusions. 
The preferred six.DOF system does, hawever 
For exanple, motion of the elbow results i n  motion 
Both are 
IV-10 
IV -11  
PITCH 
ROLL 
Figure I V - 1 1  Preferred 6 DOF Manipulator Concept 
A manipulator with mora than 6 DOF, depending on the configuration, 
can reach behind surfaces or can be used t o  reduce t h e  e f f ec t ive  
manipulator length as i l l u s t r a t e d  i n  Fig. IV-12. 
of a system with more than six DOF are: 
due t o  the addi t iona l  mechanization and (2) the  t i p  posi t ion is 
no longer a unique set of j o i n t  angles and extensions. 
j o in t  angle and length "set" may be many times redundant. 
The disadvantages 
(1) an increase i n  weight 
In f a c t  the 
IV-12 
r- 
f 
I 
II u-n 
i 
\ 
'\ 
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4. Retrieval Manipulator Configurations 
!The Retr ieval  Manipulator is  e s sen t i a l ly  a special case of the General 
Purpose Manipulator and the  analysis  used fo r  the  General Purpose 
Manipulator d i r ec t ly  appl ies  t o  the Retr ieval  Manipulator. 
noents f o r  the  Retr ieval  Manipulator strongly depends on the  satell i te 
dynamic s t a t e  and the  resu l t ing  satellite motion a f t e r  contact @f. 4, 
Task 2 Fina l  Report). Table I V - 1  lists manipulator degrees-of-freedom 
required. 
simple as a basic  docking device. 
the  most e f f ec t ive  locat ion (Le. longest d i s t a r r e  from the  center of 
mass) t o  apply torques i s  on the  end of a cy l ind r i ca l  body. 
Retrieval Manipulator must be capable of tracking the  c i r cu la r  coning 
and spinning motions. 
The require- 
For a s t ab le  satellite the  r e t r i e v a l  manipulator can be as 
I f  the  satellite i s  spinning/tumbling, 
Thus, the 
Preliminary s tudies  (Ref. 6 )  ind ica te  tha t  i f  the  spinning and coning 
angular momentum are removed simultaneously, the relative satellite/ 
FFIS posi t ion remains the  same. 
i s  being reduced, only the  j o i n t s  which provide circular motion and 
sp in  m t i o n  must be driven. 
I n  other words, as the  angular momentum 
Reach control  i s  not necessary. 
The Retr ieval  Device can be a simple docking device l i k e  that shown 
i n  Fig. I V - 1 3  where the a r m  can extend, r o t a t e  and a t tach  t o  the  satellite, 
Despin torque is  applied t o  remove the spin leomentum. 
Table I V - 1  Retrieval Manipulator WF Requirements 
I S a t e l l i t e  
Stable 
Spinning 
Tumbling 
Sp inning 
Tumbling 
WF 
1 
1 
2 
2 
1 
1 
2 
2 
1 
1 
1 
2 
Function 
Provide Structural  Attachment 
Despin Torque 
G r i p  and Structural  Attachment 
A t  I3 ;e-Circular Motion 
A t  Elbow-Reach Control 
A t  Wrist-Interface Alignment 
At Wris t -Gr ip  and Struc. A t t .  
A t  Base-Circular Mot ion 
At Elbow-Reach Control 
A t  Wrist-Interface Alignment 
A t  Wrist Despin Torque 
A t  Wrist Grip and Struc. A t t .  
IV-14 
Figure IV-13 Retrieval Device Concept 
Fig, IV-14 shows a nunber of amre complex Ret r ieva l  h n i p u l a t o r  cm- 
cepts, The preferred configuration i s  shown in Fig, IV-15. It has 
two options depending on the f e a s i b i l i t y  of building a continuous r o l l  
j o i n t  a t  the  base of t he  manipulator. 
t p  j o i n t  sequence i s  as follows: 
In the continuous r o l l  case, 
Rol l  
Pitch } Base 
} Elbow Extend o r  Pitch @pt  ional)  
Pitch 
Ro 11 1 Wrist 
For the non-continuous t o l l  case the  jo in t  sequence is s l i g h t l y  d i f f -  
erent  : 
PaW 
Pitch } Base 
1 
Extend or P i t c h ]  Elbow 
Wrist 
Pitch 
Yaw 
Roll  
The addi t iona l  DOF is required a t  the wrist due t o  the motion of the 
elbow. 
c i r c l e  with the  center perpendicular t o  a line from the base of the 
manipulator. 
In  the continuous r o l l  configuration, the elbow m e s  i n  a 
I n  the non-continuous r o l l  configuratlon, the elbow 
IV-15 
IV-16 
Figure IV-15 Referred Retrieval Manipulator 
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5 ,  
Manipulator 
Degrees of 
Freedon 
2 
3 
3 
4 
4 
- 3-6 
B 
6 
moves i n  a c i r c l e  with a perpendicular line from tbe  center above the  
base of the  manipulate? arm. 
configuration requires an addi t ional  DOF a t  the wrist; yaw. 
To compensate o r  t rack  the satellite t h i s  
Eva luat ion 
. RecomPended fo r  a w e l l  prepared 
FFTS/Satellite In te r face  
. Simple Easy t o  control  and l igh t -  
weight 
. "General Purpose" from an opera- 
tional Flex ib i l i t y  Standpoint 
, Has ?.arge volume/reach c a p a b i l i t j  
, More complex from a cont ro l  
standpoint 
Also, the  extension o r  pi tch a t  the elbow is not required f o r  retrieval 
provided the  arm is  of su f f i c i en t  length fo r  the maximum cone angle. 
This length can be adjusted by moving the  FFLls relative t o  the satellite, 
The extension or a r t i cu la t ion  a t  the  elbow does, however, provide advan- 
tages for  stowage. 
Manipulator Configuration Suoxaary 
In  summary, simple mechanisms t h a t  are eas i ly  control led and are gen- 
e r a l l y  l igh ter  weight, can provide satellite servicing i f  constraints  
are placed on the  m d u l e / s a t e l l i t e  interface,  module servicelstowage 
locations, and the s a t e l l i t e  mdu le  servicing area must be r e l a t ive ly  
f ree  of cbstructions. 
01, the  other hand, i f  few r e s t r a i n t s  are t o  be placed on the  s a t e l l i t e  
designer, a t ru ly  General Purpose manipulator requires  a m i n i m  of 
six DOF, The concepts a r e  sunmarized i n  Table IV-2, 
Table IV-2 
Turret  
Ci rcu lar  
Boom 
Cylindrical  
Coordinates 
Cartesian 
Coordinates 
Articulated Ma 
ipulator/Docki 
Device 
Ful l  Motion 
Manipulator 
The Retr ieval  Manipulator i s  a special case of the General Purpose 
Manipulatdr. 
primarily applicable t o  r e t r i e v a l  of spinning/coning satellites with 
high spin rates and large cone angles. 
states may be retr ieved using a docking device o r  the General Purpose 
Manipulator. 
As shown i n  Table IV-3,  a Retr ieval  Manipulator is 
S a t e l l i t e s ,  with other  dynamic 
3. C O r n L L E R s  
Based upon t h e  manipulPtor systea, state-of-the-art  sumey, numrous 
cont ro l le r  types were identified.  Theee included prcweq techniques 
as w e l l  as proposed approaches, ani included the  following: 
SWITCHES 
POTENTIOMETERS . 3-6 DOF JOYSTICKS . GBoMFllRICALIgSIMILaR . MASTER-SUVE . E)(DSKE=N 
REpllIcA . NDN-GEOMETRIC . ISOMETRIC 
. TERMINALPOINTER 
I n  general, the cont ro l le rs  are used t o  control  e i t h e r  the posi t ion 
o r  r a t e  of t h e  manipulator a s  i l l u s t r a t e d  i n  Fig. IV-16. However, 
one cont ro l le r ,  t h e  terminal pointer,  is used i n  a hybrid fashion 
i.e. control l ing the end e f f ec to r  location i n  a rate mode whlle the  
end ef fec tor  a t t i t u d e  is conzrolled I n  a pos i t ion  mode. The co.rtroller 
types were divided in to  two d i s t i n c t  c118se8, namely rate and positron 
types. 
IV-19 
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1. 
z 
Rate Type Controllers 
Typical rate type controllers are i l l u s t r a t e d  i n  Fig. IV-17 ,  with t h e i r  
respective advantages and disadvantages identified.  As a generalized 
sumoary, t h e  mitch/potentionreter types a re  applicable to  limited 
degree-of-freedom @OF) manipulator systems or in cases such as spin- 
ning (and/or nutating) satellite r e t r i e v a l  where constant rates are 
required. 
operator pzrformance and cross  coupling considerations. 
The choice of 3-6 DOF cont ro l le rs  is primarily based upon 
- Position Type Control lers  
P3stt ion type cont ro l le rs  generally f a l l  within two classes: 
ca l ly  s imilar  a d  non-gearetrically similar or scmet-s referred to 
as r ep l i ca  a d  non-replica position-position type control lers .  
geometri- 
a. 
similar posi t ion controllers, shown i n  Pig, IV-18, include mster-slawe, 
repl ica ,  and exoskeleton devices. 
basical ly  a cont ro l le r  i den t i ca l  to the Panipulator configuration a d  
inherently incorporates force-feedbark (or b i l a t e r a l  control). The 
exoskekton controller, e t h e r  containing hi a t e r a l  features  or not, 
is used primarily in cases where the  manipulator configuration has 
essen t i a l ly  "htlman arr-like" characterististics, 
is simply a ful l -scale  or miniature model of th4 rmnipulator such that 
i n  its normal use it is colloected on a joint-to-joint basis with the 
manipulator. 
Geosntrically Similar Position Controllers - The ge-trically 
The master-slave type  controller is 
The rep l ica  controller 
However,  while the simplicity of these devices from a control  point of 
view i s  extremely advantageous, from a systems viewpoint these devices 
may not r e su l t  i n  an attractive approach. 
Fig. IV-19 in which addi t ional  requirements of t h e  nranipulator system 
t e d  t o  dr ive the cont ro l le r  towards a non-geometric o r  non-replica 
device. 
operator arm posit ions,  o r  reference ax i s  changes are required t o  pro- 
vide alternate indirect  viewing locations, or gain ratios switched t o  
producc increased operatcr /control ler  positiorral s ens i t i v i ty ,  the  r e p l i c a  
This is i l l u s t r a t e d  by 
Basically, anytime indexing i s  required t o  eliminate awkward 
IV- 22 


c o n t r o l l e r  c h a r a c t e r i s t i c s  a r e  no longer re ta ined.  In genera l ,  t h i s  
w i l l  be the case f o r  FFTS app l i ca t ions  i n  which minin,- .I c o n t r o l l e r  
v o l u m t r i c  requirements e x i s t .  Therefore,  stroizg considerat ions were 
given co t h e  non-geometric pos i t i on  t y p e  c o n t r o l l e r  concepts. 
b, Non-Geometrically Similar  Pos i t i on  Cont ro l le rs  - Numerous non- 
geometrically s imi la r  pos i t i on  c o n t r o l l e r  conccpts have been evaluated 
using mock-ups (Ref. 7). As a r e s u l t  of the  mock-up eva lua t ions ,  pro- 
totype con t ro l l e r s  were constructed and evaluated throuqii man-in-the- 
loop manipulator s i rmlat ions.  Two of the  more promising concepts were 
the  "elbow" and the " s l i d i n g  base" pos i t i ona l  c o n t r o l l e r s  shown i n  
Figs, IV-20 and IV-21,  
(1) Elbow Type: The eva lua t ion  of t h i s  c o n t r o l l e r  concept e s t ab l i shed  
severa l  design def ic ienc ies .  
a t t i t u d e  cont ro l  produced cross-coupling between the  a t t i t u d e  
gimbals and the t r a n s l a t i o n a l  gimbals. 
s tacking the  gimbals was t o  r e t a in  s i m i l a r i t y  t o  t h e  manipulator 
w r i s t  gimbals. Secondly, as t h e  elbow angle  changes, the  force  
required t o  backdrive t h e  j o i n t s  changes s ign i f i can t ly .  This 
force  r e l a t ionsh ip ,  r e fe r r ed  to  as the  " toggle  e f f ec t " ,  i s  i l l u -  
s t r a t e d  in Fig. IV-20. For a fo rce  r a t i o  of 4 or less, the  angle  
8 must remain between 45' and 7S0,  an undesirable  r e s t r i c t i o n .  
However, i f  l a rge r  angles are used, the  backdrive forces  increase 
c rea t ing  the  p o s s i b i l i t y  of the  fo rces  being in t e rp re t ed  by the  
operator as real  manipulator t i p  forces.  
F i r s t ,  the  "stacked" gimbals f o r  
The primary reason f o r  
(2) Slid.ing Base: The s l i d i n g  base c o n t r o l l e r  conf igura t ion  incorporated 
a t t i t u d e  con t ro l  gimbals balanced about the opera tor ' s  wrist. 
s l a t i o n  is provided by a yaw, p i t ch ,  and s l i d i n g  base gimbal 
arrangement. The pr imary  disadvantage of t h i s  concept a rose  when 
a large t r a n s l a t i o n  o f f s e t  ex is ted  a s  a r e s u l t  of a Y o r  2 t r ans -  
l a t i o n a l  c o m n d .  This ro t a t ed  the  forward arm of the  c o n t r o l l e r  
off a t  some s i p i f i c a n t  angle i n  r e l a t i o n  t o  the  s l i d i n g  mechanism, 
Tran- 
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a rotary motion Cor an abort comnand. 
control could provide emergency brakinq to a l l  ma 
an automatic stowage comnrand, or end effector gripfretease commands. 
This functi 
lator Jctuators 9 
r manipulator t considered 
converse of the prev 
31s are used 
would be elimi 
wi tched  to the 
F re IV-24 Dual-Pur ose Position Conrrol Concept: 
4. L Cor,troller Applicat ion Summary 
I'he general  c l a s s  of c o n t r o l l e r  concepts were reviewed and ranked on 
t h e  b a s i s  of (1) i s  the  technique proven, (4) i f  required can  f o r c e  
feedback be incorporated,  and (3) i t s  a p p l i c a b i l i t y  t o  e i t h e r  t h e  
genera l  purpose o r  r e t r i e v a l  type manipulator. 
summarized i n  Fig. IV-25 and t h e  recommended c o n t r o l l e r  types,  based 
upon the  a p p l i c a t i o n  a r e  shown i n  Fig. IV-26. 
The r e s u l t s  are 
Control  
Device 
Switches 
Potent iorne ter  
3 DOF 
Joyst icks  
Ge m e  t r ica 1 l y  
S i m i  lar  
Non-Geome t r  i c  
Exos ke le t  on 
Isometric 
Te r mina 1 
Pointer  
Proven 
Technique 
Yes 
Yes 
Yes 
' E s s e n t i a l l y  
Yes 
No 
No 
Force 
Feedback 
No 
No 
Yes 
Yes 
Yes 
Pos s i b  le 
Wrist Only 
App l i ca t  ion 
G.P. * R.T. * 
;k G.P. - General Purpose R.T. - Retrieval Type 
Figure IV-25 Contro l le r  Applicat ion Smmary 
General Purpose Manipulator 
. No Force Feedback 
(1) Two 3 DOF Joyst icks:  1 T r a n s l a t i o n a l ;  1 Rota t iona l  
(2) Non-Geometric Pos i t ion  C o n t r o l l e r  
. With Force Feeuback 
(1) Non-Geometric Pos i t ion  Cont ro l le r  
_I_ R e t r i e v a l  Type Manipulator 
. Sw i tc hc s / Pot e n t  iome t e r s 
(1) 
(2) 
E' i gu r e 1 V - 2 b 
I n t e g r a l  with the  FFTS Controllers 
Mounted on the Control Console 
C ont r o 1 le r Rec omme nda t i ons 
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C. CONTROL M3DE CONCEPTS 
1. 
2, 
A "control mode" re fers  t o  the type  of coupling between the inp.Jt cont ro l  
device and the manipulator j o in t  drives. 
t r o l  mode are  the nmber and sequencing of the  control ler  and manipulator 
degrees of freedom, the type of sensing elements (i.e. posit ion,  rate, 
etc.)  a t  each degree of freedom, the  type (Cartesian, spherical ,  e tc . )  
and locat ion (base, end ef fec tor )  of a l l  coordinate systems from which 
c o m n d s  are  issued and i n  whi n the  manipulator operates, and a l l  
control law equations needed t o  compute posit ion,  r a t e ,  torque, and 
coordinate transformat ion values. 
Encompassed i n  a spec i f ic  cor- 
Many prw-n  and conceptual control  modes ex i s t  for  indus t r ia l ,  hot  lab, 
and space oriented remote manipulators. Of these control  techniques, the  
ones appearing most applicable t o  the f r ee  f lye r  teleoperator are b r i e f ly  
reviewed. 
not so ver sa t i l e ,  t a  the  highly complex and dexterous. 
milater ' and b i l a t e r a l  force re f lec t ing  techniques are  included i n  
the FFTS control d e  candidates. 
The considered methods range from the extremely simple, ye t  
Rate, posit ion,  
Wi tch  Joint  Control 
The simplist  of the r a t e  control  techniques, switch jo in t  control  allow 
the operator t o  ac t iva te  each manipulator j o in t  on an individual basis. 
The control  console contains one switch per degree of freedom, with 
switch engagement conmanding a preset gimbal rate.  
equations a d  minimal e lec t ronics  are required, coordinated t i p  motion 
i s  extremely d i f f i c u l t ,  
Although no control  
Replica Control 
Pioneering naster-siave posit ion control ,  the  rep l ica  input device contains 
the same number and ordering of j o in t s  as does the manipulator. 
control ler  jo in t  i s  connected to ,  and only 2 0 ,  i t s  counterpart j o in t  on 
Each 
I V - 3 1  
the manipulator, thus providing posi t  ion correspondence fo r  a l l  gimbal 
pairs. 
ing. For b i l a t e r a l  operation, the cont ro l le r  must be powered, and rec’ ives 
i t s  input commands v ia  two way posi t ion and/or force information flow 
The control  technique is  s imple ,  and when both master and slave can be 
viewed simultaneously, i n t r i c a t e  tasks  requir ing coordinated w t i o n  are 
easily performd with minimal t ra in ing  time. 
operating volrmne is  r e s t r i c t ed ,  var iable  controller-manipulator mot ion 
and force re f lec t ing  r a t io s  required, and operation i n  various camera 
axis desired,  the rep l ica  cont ro l le r  does not appear t o  be the optimum 
choice. 
The rep l ica  may be e i t h e r  un i l a t e ra l  o r  b i l a t e r a l  force r e f l ec t -  
When cont ro l  s t a t i o n  
3. Raaae. Azimuth. Elevation (RAE)/ Rotation Control 
The simplest of the more sophis t icated ax is  or ientated control  schemes, 
=/Rotation control  u t i l i z e s  a spher ica l  base coordinate system, 
Translational and ro ta t iona l  motion a re  separated i n  twt range, az i -  
muth, and elevat ion control  of the f i r s t  wrist  gimbal attachment point 
provides t rans la t ion  freedom (Fig. IV-27), with attitude cont ro l  achieved 
by coupling the  input controllo-r on a one-to-one basis  with the three 
wrist gimbals. 
can be used with the RAE/Rotation technique. Forward, s ide ,  and vertical 
motion of the hand g r ip  correspond t o  range, azimuth, and elevat ion 
commands, respectively, for  the posi t ion control ler .  
Both un i l a t e ra l  rate and b i l a t e r a l  posi t ion cont ro l le r€  
The simplicity of u t i l i z i n g  spherical  coordinates is revealed by the 
following equations re la t ing  gimbal and comnand degrees of freedom. 
1, r = 2:L (Cosine 9 / 2 )  
2. 
e 
0 = Qs + 0 / 2  e 
3. F = 8, .  
av- 1) 
IV-  32 
1. ts = shoulder yaw 
2, 
3, 0 = elbow ;itch 
4, 0 - wris- p i t -h  
5. pW - wrist yaw 
6. P, = wrist r o l l  
7. r - range 
8, # = azimuth 
9. 0 - elevation 
Os = i .  Julder pitch 
e 
w 
10, L = segment length 
Figure IV-27 RAE/Rot,i.tion Degrees of 2'reedom 
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4. X, Y. Z/Rotation Control 
Replacin@ :he spherical  base coordinates of the above technique with a 
rectifincdl. Cartesian system, X, Y and Z translatior! motion of the  wrist 
attachment point is achieved as shown i n  Figure IV-28. 
c-zz Free Flyer FX 
Z 
Figure IV-28 XYZIRotation Degrees of Freedom 
Again, both un i l a t e ra l  rate and b i l a t e r a l  posi t ion cont ro l le rs  are a p p l i -  
cavle  for XTZ/Rotation coxtrol,  with forward, s ide ,  and v e r t i c a l  motion 
of the position control ler  hand gr ip  corresponding t o  X,  Y, and Z 
conanand s , ce s pe c t  i v e  1y. 
Although pure X,  Y, and Z s t r a igh t  l i ne  motion is achievable with no 
fur t ;  e r  transformations (see AppendirE -Simulation Report) the gimbal 
IV- 34 
to coamand coupling equations become invo-ved as shown by equation IV-2, 
1. x = z p  [c(o + oe) + c e  ] 
2. P = ~ s p  [ c (es + oe) + cos] 
3, 
s S S 
S 
z = = L F ( Q  + fa ) + sos], s e  
where C = Cosine 
S = Sine .  
5, Resolved Rate Control 
Applicable only t o  unilateral rate controllers, resolved rate caontrol 
refers to Cartesian trans’lational and rotational commmhd umtion 
referenced t o  the termSnal device t i p ,  F i g ,  m-29. 
Figure IV-29 Resolved Rate Control 
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Aithough a terminal device c e r a  ax is  system is depicted in the  above 
figcre, t i p  motion coanunds m y  be issued i n  any desired coordinatr: 
s;stem. 
Two prove2 techniques e x i s t  for acccmplishing resolved I ite control. 
F i r s t ,  the  more s t r a igh t  fornard approach derives gimbal ccnmuands from 
the desired t i p  t r ans l a t iona l  and ro ta t iona l  motion v i a  the s i x  by six 
Jacobian matrix - the  inverse of which m u s t  be obtained i f  j o h t  rate 
values are needed. 
Hartin Marietta (report m72-48664-004) separates t r ans l a t i cn  and 
a t t i t u d e  computations to  produce two-three degree of freedom problems. 
Although both techniques prodwe the  same end r e su l t ,  the  second pro- 
cedure hvolves only a three by three matrix inversion, allows input 
carrrands to  or ig ina te  f r an  any coordinate system (base camera, end 
e f f ec to r  camera, etc.), and permits w r i s t  r o t a t ion  about any se lec tab le  
point i n  space. 
The second technique Gig. IV-30), envisioned by 
&solved M t i o n  Control 
I n  analogy t o  u n i l a t e r a l  resolved rate control,  resolved motion r e fe r s  
to a b i l a t e r a l  posit ion cont ro l le r  comnanding motion referenced t o  the 
terminal device t i p .  
have ye t  t o  be formulated, Fig. N-31 depicts  the  nature of the  compu- 
t a t ions  and s igna l  chanrreling required fo r  the  t r ans l a t iona l  portion 
of the  problem. 
techniques, resolved motion f a c i l i t a t e s :  input comaads from any axis 
system, var iable  and geometry independent force and motion r a t i o s  
between cont ro l le r  and manipulator, uncoupling of t r ans l a t iona l  and 
ro ta t iona l  motion, and w r i s t  ro ta t ions  about any arb i t ra ry  point i n  space. 
Although a l l  the associated control  law equations 
By f a r  the  most involved of the  considered control  
Inner Loop Force Feedback 
Inner loop force teedback (introduced by MIT) i s  not a complete control  
mode by i t s e l f .  It is a control  adaptation capable of being used with 
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Figure 3y-31 Translat ional  Portion of Resolved Motion Control 
e i t h e r  a posi t ion or rate control  input device. Fig. IV-32 depic ts  
the information flm of a teleoperator system containing inner-loop 
force feedback. 
transmitted back t o  the operator, but instead is processed by the 
manipulator e lec t ronics  and is used in loca l  feedback loops t o  n u l l  
at1 but the comn;urded forces by the terminal device tip. 
nique allcrws the manipulator t o  guide i t s e l f  along a contour or  object  
and can be qui te  usefu l  when v i sua l  feedback is l imited or unavailable. 
Note from the  f igure t h a t  no force information is 
This tech- 
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Rate Conrn?r:ds 
- -  - - .  
-7 _t Control Lau Equat t o n s  
Cormnand Signals t o  Servoacuators 1 1  
-- 
Calculation of Gimbal Drive Signals t o  
Eliminate Terminal Device Forces 6 Floments 
4 
Resolution of Forces 6 Moments 
about Terminal Device 
8. 
7'- -D 
-C Yanipulator Servoactnatnra - .- 
Joint Pos i t ion  6 Rate - 
s L l lS0 r s 
'Tennlnal Device Force 
Seiisors 
-__- -- 
* 
Computer 
Figure IV-32 Inaer h o p  Force Feedback 
Control Mode-System Impact 
Table Iv-4 relates, i n  a h e u r i s t i c  mnner ,  the  impact of the various 
cont ro l  modes on t h e  system parameters: 
1, DOF compatibility; 
2. Control equation cmplex i ty  ; 
3, Actuator components ; 
4. Tim delay e f fec ts .  
Also included is a summary of the current  state of development of each 
cont ro l  modo and the  app l i cab i l i t y  of incorporating computer control. 
The inclusion of automatic cont ro l  i s  control  mode independent, for  
the  d i g i t a l  computational capabi l i ty  f a c i l i t a t e s  in te r fac ing  with any 
jo in t  d r ive  technique, Such functions as t r a j ec to ry  generation, pre- 
progrmmed t r a j e c t o r i e s  and hazard avoidance (see Martin M - ie t ta  
report  #D-73-48722) are envisioned as possible dut ies  of an on-board 
computer, 
IV- 35) 
I !  
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The time delay e f f ec t s ,  i t e m  #5 i n  above tab le ,  on each control  mode 
represent worst conceivable conditions and are  obtained by using the  
educated guess technique. Many of the time delay pararrreters are y e t  
t o  be defined and an in depth study of the  problem is required. 
servo s t a b i l i t y  and man-in-the-loop performance were considered when 
estimating the time delay e f f e c t s ,  with worst case conditions being 
determined by location of the  computational e lec t ronics  (Le,, ground 
based, shu t t l e  based, on-board f r ee  f lye r ,  etc.). 
Both 
9. Control Mode Selected for  Preliminary Desinn 
Based upon a complexity-versati l i ty tradeof f and the  knowledge gained 
from the SMA simulation, the  RAE/Rotation cont ro l  scheme is selected 
for  the f r e e  f lye r  manipulator preliminary design, 
of the f u l l  hawk and terminal device to  range vector transformation 
equations, a l l  the capabi l i ty  of the  XYZ/Rotation method are achieved 
y e t  the  control  equations are considerably less complex. 
foot manipulator, the SMA simulation i n i t i a l  r e s u l t s  reveal tha t :  
1) base camera viewing with zoom capabi l i ty  is su f f i c i en t ,  2) control  
separation of t r ans l a t iona l  and rotational motion adequate, and 3) t i p  
ro ta t ion  about an a rb i t r a ry  point i n  space unnecessary - thus the  
v e r s a t i l i t y  , and conaequent l y  the  complexity, of the resolved rate 
technique is  not required. 
the SMA simulation also showed t h a t  the  Martin Marietta conceived 
implemp-ntation of the  RAE/Rotation cont ro l  mode f a c i l i t a t e s  tu0 impor- 
t an t  features  tha t  allm unilateral rate cont ro l  t o  perform tseks  
i n i t i a l l y  believed achievable only with a b i l a t e r a l  force r e f l ec t ing  
system. 
accessible from the c o u r o l  l a w  equations, and thus can be v isua l ly  
displayed t o  the  operator. Second, when performing a task normally 
requiring simultaneous control inputs (turning a ravk or opening 
a door) various gimbals can be completely or p a r t i a l l y  deactivated 
t o  "go-along-for-the-ride'' while the task  is completed with one, or 
poselbly two, degrees of freedom only, To illustrate, a probe- 
With incorporation 
For a nirP 
As fo r  the  b i l a t e r a l - u n i l a t e r a l  t radeoff ,  
F i r s t ,  forces  and rnonrents applied by the  manipulator t i p  are 
IV-41 
r ecep t i ca l  mating is e a s i l y  accomplished from large i n i t i a l  attitude 
e r r o r s  by disengaging the  wrist gimbals and giving a foward  trans- 
l a t i o n a l  coraanand. 
gimbals e a s i l y  backdrive t o  s e l f  a l ign,  permitting the  probe t o  fu l ly  
i n s e r t  with no extraneous forces or mombnts being developed. 
Once t h e  probe is i n i t i a l l y  s t a r t e d ,  t he  a t t i t u d e  
No inner loop force feedback is included i n  the  design, f o r  the be l i e f  
i s  held t h a t  the v iaua l  TV coverage is s u f f i c i e n t  f o r  completing a l l  
presently invisioned tasks. Likewise, no computer cont ro l  programs have 
been developed for  it appears t h a t  man-in-the-loop can accomplish a l l  
foreseen a s e l g m ~ n t s .  
(hazard avoidance) or stored t r a j e c t o r y  capab i l i t y  is needed, computer 
conrmands can be e a s i l y  Interfaced with the RAE base spher ica l  coordinate 
system. 
If fu r the r  study reveals t h a t  a "watch over" 
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D. END EFFECTOR 
>I a n i  pu 1 a t  01- 
Wrist 
. Cunfi~uration 
The development of an end ef fec tor  great ly  depends on i t s  functional 
and physical interfaces .  
c l ea r ly  defined fo r  space appl icat ions,  the firs: work e f f o r t  was an 
zttempt t o  show system impacts. 
approach used i n  developing the poten t ia l  system interact ions necessary 
t o  derive these in te r faces .  
Since nei ther  of these in te r faces  have been 
Figure IV-33 presents the logic  flow 
r , 
KO t i o n  Trans-  Preliminary 
m i  t ta 1 Linkage End Effector 
and J a w  Con- Design 
2 once p t s i iEu r n t i on 
S p e c i a l  Pur rose  
O r  Transi t ion 
Cons i d ~ i - a t i  o n s  
Figure 1v-33 End Effector Mechanical Interface Summary 
The tern end ef fec tor ,  as used i n  t h i s  study, i d e n t i f i e s  the element 
on the working end o f  a manipulator device which performs the basic  
funct..ons of engage/hold/rclease. 
l i t e r a t u r e  reviewed, such as terminal device, grappler,  c t c .  However, 
for  t h i s  study.. a l l  ha-le assumed the same meaning. In general, the 
end ef fec tor  includes all the hardware which functions as the physical 
mobili ty link between the last manipulator wrist j o in t  and desired 
Other terms have been used i n  the  
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payload task. 
a t ion  of a terminal service tool ,  a t rans i t ion  device o r  capture tongs. 
Designing such devices requires both a working knowledge of the desired 
mission functions, payload tasks,  and a c t i v i t y  elements and the per- 
formance capabi l i ty  associated with the end effector/wrist/arm/vehicle/ 
operator mobility combinations. 
The ectual  hardware may take on the physical configur- 
The design of the manipulator arm i s  of i n t e r e s t  t o  t h i s  end ef fec tor  
study due t o  i t s  t i p  positioning capabi l i t i es .  
acmracy o r  dexter i ty  required of an end e t i x t o r ,  the more similar the 
manipulator movements must match those of the human hand and am. In 
turn,  as the s imi la r i ty  to  human hand and arm movements increases, so 
does the development cost .  Present day space funding doesn't pe rmi t  the 
development of a terminal device dexterous enough t o  simulate the actual  
human hand control of general couanercial hand tools  prof ic ient ly .  
present technology i n  the area of on-orbit sa te l l i t e  s e r v i c h g  does not 
indicate  the need fo r  a highly dexterous end ef fec tor .  
It i s  real ized tha t  the grea te r  
However, 
The force and reach requirements for a space manipulator comes primarily 
from vehicle and cargo s izes ,  i ne r t i a s ,  r e l a t ive  ve loc i t ies ,  and vehicle 
propulsion forces. A s  ident i f ied  from previous s tud ies  Ref. 8) where 
on-orbit sa te l l i te  servicing is the prime function of the general purpose 
manipulator, it appears appropriate t o  design the  manipulators t o  meet 
humsn factors ,  compatible with servicing and assembly-type task. and t o  
adjust  ve loc i t i e s  t o  s tay  within the manipulator's design capab i l i t i e s  
associated with system optimization. 
operator capabi1itie.s. 
formed to  establish.  minimm ve loc i t i e s  delegated to  d i f f e ren t  tasks.  
Unti l  t h i s  information becomes avai lable ,  i t  i s  assuned for  t h i s  t rade 
study tha t  the time factor  requil-ed to  complete a task  has a lower 
p r i o r i t y  than system optimization. 
Veloci t ies  may be low i n  r e l a t ion  t o  
Additional s tudies  and simulations mbst bz per- 
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The f i r s t  i t e m  o f  i n t e r e s t  was a State-of-the-Art survey which iden t i -  
f i ed  many system l eve l  requirements applicable t o  end e f f ec to r  develop- 
ment. It was determined tha t  a general purpose manipulator can L e  
developed t h a t  w i l l  meet minimum requirements ant ic ipated f o r  most of the 
proposed missions. Basic system fac tors  used t o  <evelop end e f f ec to r  
concepts were selectsd and j u s t i f i e d  during Task 1 and Task 2.  Specific 
items applicable t o  end e f f ec to r  design have been iden t i f i ed  as follows: 
. Elec t r i c ,  motor-driven actuators  w i l l  be provided a t  each 
manipulator degree-of-freedom 
The force capab i l i t y  w i l l  be adequate t o  operate astronaut. "hanc'" 
tools .  This force capab i l i t y  i s  estimated to  be 15 pounds. 
Ind i rec t  viewing, such a s  TV w i l l  be used t o  c lose  the s w a r a t i o n  
distance betweeu t h e  manipulator and control s t a t ion .  
. 
. 
. Anthropometric re la t iocship between hand t o  end e f f ec to r  and eye 
t o  TV d i l l  b e  used i n  the  design t o  u t i l i z e  an operator 's  na tu ra l  
and Learned responses. 
Design f o r  universal  use of the  end e f f ec to r  with many of t h e  
ant ic ipated manipulator tasks .  
. 
, Task speed w i l l  be sacr i f iced within reason to reduce system weight 
and complexity . 
To summarize, the universal  end e f f ec to r  should be interchangeable with 
the  general purpose manipulator and designed t o  follow the  same work 
procedures and dex te r i ty  required of an extravehicular astronaut.  This 
requires the capab i l i t y  t o  u t i l i z e  t h e  same t o o l s  used by an astronaut.  
Also, the  more specialized the task,  the more foresighted the designer 
must be. However, i f  the task  i s  too specialized, i t  may not be econo- 
mical t o  provide maintainabi l i ty  through the use of manipulators. The 
point a t  which manipulator special izat ion may become too cos t ly  i s  ye t  
t o  be determined. To do t h i s ,  many f ac to r s  must be considered and trsde- 
o f f s  conducted. Some of *.he areas e f f ec t ing  the development of universal  
type end e f f ec to r s  have been evaluated. 
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Some of  the most c r i t i c a l  areas uhich impose requirements are shown i n  
Figure IV-34 .  Four major areas ident i f ied  and evaluated were: wrist 
assembly, worksite, too ls ,  and sensors. Design iznpacts and preliminary 
analyses associated with these areas have been discussed ir! the following 
Faragraphs. 
7 
Jo in ts  
Pitch 
Yaw 
Roll 
$ 
1. Wrist Considerations 
The w r i s t ,  as defined fo r  t h i s  study, includce the hardware tha-  forms 
the physical t r ans l t i on  l i n k  between manipulator arm and end e f f ec to r ,  
The w r i s t  i s  considered a primary arm sect ion and provides three degrees 
of freedom: yaw, p i t ch  and r o l l .  The operating parameters can be de- 
fined from requirements analysis  ( t i p  speed, fc-ce, accuracy, e t  . /  of 
which a la rge  number of the de ta i led  design parameters a r e  configuration 
dependent and can be ident i f ied  from task  and re la ted  performance analy- 
s is ,  Table IV-5 i G  . n t i f  ies typ ica l  operating cha rac t e r i s t i c s  with which 
t h e  w r i s t  w i l l  be chpable of providing t o  the wristlend e f f ec to r  inter-  
faces. 
Travel L i m i t s  Nominal Speed Tor que 
rad (deg) rad/sec ( d e d s e c )  N - m (ft - 1b)Reversible 
- '1.6 (290) 0.2 (11.5) 20 (15) 7l 
- + 1 , 5  (2 65) 0.2 (11.5) 20 (15) If 
Continuous 0.2 (11.5) 20 (15) v 
The most s ignif  iccnt  requirement i s  the continuous r o l l  capabi l i ty  and 
i t s  impacts on the e l e c t r i c a l  i n t e r f ace  design of the end ef fec tor  (con- 
t r o l ,  sensors, e tc . ) .  The present design consideration assumes t h a t  
there  
face,  
-91 be no e l e c t r i c  hardwire through the wristlend ef fec tor  i n t e r -  
2.  Payload Worksite Considerations 
Functional requirements f o r  a manipulator system as  a space too l  a r e  deter-  
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mined 1 , ~  a step-by-scep analysis  of zach work element i n  each mission 
task. The study began by examining planned missions as defined i n  t h e  
NASA Shutrle Missions Model mef. 9) and correlat ing co-n servicing 
t a sk  be tween m i s s  ion s. 
For t h i s  study, a l l  areas providing potent ia l  payload support were re- 
duced through s inp l i f i ed  grouping i n t o  f i v e  basic areas: 
spection, payload deploy, Vayload r e t r i e v a l ,  payload servicing and a s t ro -  
naut assistance. O f  these, payload seruicing was selected for  a more 
detai led analysis  due t o  the  many casks acd work elements involved. 
pajload in-  
Tasks associated with many missiors were iden t i f i ed  and examined f a r  
t h e i r  c m o n  rwork elements. 
specific motions required. 
along with .heir re la ted  wark elements. These work elements represented 
the  major foreseen servicing tasks and have been l i s t e d  i n  Figure IV-35. 
This l i s t  provided the scope oi: service functions todevelop manipulator 
servicing concepts. The complexity and dex te r i ty  levels increased as  each 
prime task was s a t i s f i e d  i n  going from monitor/inspect through repair ,  
Study r e su l t s  found t ha t  even work elements were not w e l l  enough defined 
tc, determine a leve l  of e f f o r t ,  precision or standardization cr i ter ia  
for  a special  a d  effector  and too ls  t h a t  could be established fo r  a spec i f i c  
mission. 
o f  nanipulator-orianted a c t i v i t i e s  i n  the  order of t h e i r  p r io r i ty .  
Most work elements could be grouped as t o  
T-ypical pa: load servicing t a s k s  were selected 
However, Table IV-6 was prepared t o  show a " f i r s t  cut" summary 
In order t o  understand the  . b i t e ,  one mst a lsL understand the meaning 
of work e;ements. Wark L A  1. cs are the  subdivis iom of tasks and, a s  
scch, d e s c r i b e  the indfi:idual requirements. This involves the manipulation 
o r  TV system needed t o  perform a task. 
A positioning operation, the work elemznts a r e  broken i n t o  c lasses  des- 
cribing the requirement t o  move from one posi t ion t o  another. The 
II r.apt L e " ,  "transport", and I'pl -e'' are Sindamental i n  a l l  work elements 
and s t a t e s  the c l a s s  of motic- required. Fc . example, some of the terms 
Since a l l  servicing i s  fundamentally 
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Table IV-6 Summary of Work Task P r io r i ty  
Work Elements 
Pos i ti on ing 
GIOSS 
I Fine 
I 
Tethering 
Remove/Replace Modules 
Large Mass Handling 
Small Mass Handling 
Remove/Install Attachur?nt Fasteners 
Captive Cam Type 
Capt ive Screw Type 
Adjusc3uent (Valve Handle & Switch) 
Hatch Opening 
MakejBreak Line Connections 
Flechanical 
E lec t r i ca l  
Fluids 
Repai r  o r  Assembly 
Cutting 
Bonding 
Welding 
Tolera2ce Checks 
useb -0 express work elements are translate, 
r igh t ,  ro ta te ,  gr ip ,  e t c .  The i n i t i a l  and primary reference a c t i v i t y  
element used i n  design considerations was the basic  remove/replace 
modules, 
becomes one of the  most c r i t i c a l  design dr ivers  i n  developing compatible/ 
low cos t  end ef fec tors .  Any module removed and replaced has posit ioning, 
t rans la t ion ,  an6 fastening problems. Some of these problems can be re- 
duced i n  complexity through standardization, spec ia l  purpose tools, 
senscrs and a l i g m e n t  a ids .  
push, p u l l ,  up, d m ,  Left ,  
The worksite in te r face  associated with these a c t i v i t y  elements 
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Worksite configuration is  impacted by module geometry. 
been baselined (Ref. 4) for  t h i s  study a t  150 kg (330 lb) and a d inms ion  01 
1 x 1 x 1 m ( 3 . 3  x 3.3 x 3.3 f t . ) .  Other considerations include module 
location, removal method, attachments, l i gh t ing  conditions and alignment 
aids. 
rfodule size hae 
Fasteners and connectors are involved i n  many mahtenance and assembly 
tasks. 
used i n  handling fasteners  than i n  handling any other iten. 
simplify the remove and replace operation i s  through standarizatioa. 
Standardization of fas teners  f o r  attaching modules can reduce cos t s  con- 
siderably; i t  not only reduces paper work, but a l s o  reduces the number 
of designs, qua l i f ica t ion  programs and spares, and s implif ies  lxlventory 
and qua l i ty  control. The standardization of module fastenere would in- 
clude s tandardbing  on type and size. 
f i ne  threads; coarse threads are stronger, l e s e  subject  to thresd nicking 
and more adapted to  plating o r  coating processes. 
f i ne  thr-do when used as a gear d r ive r ,  gi - finer cmtrol and greater 
mechanical advantages. Standardizing faste,  sizes and rtruqth. reduces 
the d e r  of fastener types needed and *&e p o s s i b i l i t y  of instal lhg the 
w r o n g  fastener.  
under torquing which would result i n  the need of a s ing le  manipulator 
torque tool for a l l  module remove/replace a t t a c h t s .  
also be standnrized and c l a s s i f i e d  t o  qua l i t y  for  both primary and second- 
ary application requirements. 
They a l s o  take on greater  importance as more t o t a l  t i m e  w i l l  be 
One way t o  
For exaqle, use  either coarse o r  
On the other hand, 
Assembly torque could be etandarized t o  avoid Over and 
Finishe8 could 
.The prime program driver ,  i n  the area of worksite etandarizotion, yet  t o  
be c l a r t f i e d ,  i s  the level and t o  whicl? of these two - the manipulator 
system o r  payload workeits - w i l l  be permitted t o  d i r e c t  the i n t e r f aze  
design. 
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Tools -3. 
The use of t r ans i t i on  tools  (or general purpose tools)  €or payload servi- 
cing w a s  considered next for  compatibil i ty i n  designing an end effector.  
The t r ans i t i ona l  o r  special  purpose tools  considered for space applications 
included the  group of common hand tools  t ha t  could be held within o r  
mounted on the end ef fec tor ,  The choice of too ls  selected were from the  
list generated in Table SV-7, 
was prepared t o  show the  type of motion elements t h a t  were required 
i n  their normal operation. The actuations required t o  operate these 
too ls  can be provided by the end e f f e c t o r h i s t ,  o r  by the manipulator 
arm a r t i cu la t ion .  
Using this l i s t ,  a comparative matrix 
Since the  primary manipulator system was assumed to have force a r t i cu -  
lations capable of l i nea r  t rave l ,  ro ta t ion ,  tilt and combinations of 
these, the  other  human senses such a s  viewing, positionirrg, and teqer- 
a tu re  were not considered for  t h i s  comparison analysis.  The related 
force a r t i cu la t ions  were reducec! t o  a lower level:  
Linear Travel - Combined jo in t  motion 
Short Strokes (Slow t o  Fast)  
Medium Strokes (Slow t o  Fast)  
Long Strokes (Slow t o  Fast)  
Rotation - Wrist r o l l  j o in t  motion 
Partial ,  60' (Slow t o  Fast)  
Continuous (Slow t o  Fast)  
Rotation with Linear Travel - Combination of above (Screw Thread) 
Pa r t i a l  with Travel (Slow t o  Fast)  
Continuous with Travel (Slow t o  Fast) 
T i l t  (Hinge Motion) - Yaw or  Pitch motion 
Travel Arc (0' t o  TBD) 
T i l t ,  Bending a d  Linear Travel - Combination of all j o in t s  
Short Strokes (Slow to  Fast)  
Medium Strokes (Slow to  Fast)  
N-52 
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These parameters were compared on an i n t u i t i v e  bas i s  for motions appl i -  
cable t o  the operation of each tool.  
an end ef fec tor  having the  follcwing actuations w i l l  provide adequate 
tool operating capabi l t t i es :  (1) linear t r ave l  with a medium stroke and 
slow t o  medium speed, (2) i n s e r t  and withdrawal, with continous ro t a t ion  
2nd var iable  speed, and (3) higb r o l l  torque a t  stall  o r  low speed a t  r a t ed  
torque and high speed at lou Laed. 
Results of t h t s  ccdparison indicates  
T2rque requirements play an important p a r t  i n  defining worksite config- 
urat ions r e l a t ing  t o  fas tener  d connector shapes, motion envelopes, an3 
tool  types required t o  translate applied torque from the  end ef fec tor  t o  
the worksite. Typical torque requirements f o r  screw threads as shown i n  
Figure IV-36  indicate  a cOmDDn wrench tool would be adequate t o  achieve the  
seating torqces needed f o r  4 inch o r  smaller bol ts .  However, as the b o l t s  
decrease i n  s i z e  fram 
screw start considerz~bly increases. 
increase torque var iab le  i n  tha t  on repeated use,  they have the  added 
problem of corrosion, ga l l ing ,  vacuum welding and cross threading. 
d i f f i cu l ty  r e s u l t s  i n  two basic options: 
special  tool  tha t  both d r i l l s  and taps  fo r  screws o r  use a lock p in  approach 
which uses a detent o r  cam lock technique. 
inch and d m ,  the  task  d i f f i c u l t y  of align and 
Also, b o l t s  and nuts  do have an 
This 
remove by cu t t ing  and replace by 
Shape and s i z e  of the bo l t  head o r  capture hardware rmst a l so  be con- 
sidered. 
te rna l  g r i p .  The external g r ip  i s  corrmon t o  both b o l t s  and nuts  where 
grasping the head with the pa ra l l e l  j a w s  i s  applicable t o  s t a r t i n g  and 
running boJ.ts and nuts with low torques. 
e i t h e r  give i n  the  r e s i l i e n t  material  used on the gripping surfaces o r  
the slop i n  the end ef fec tor  gearing device. 
se r ra ted  surfaces may also be used; however, they have the inherent d i s -  
advantage of po ten t ia l ly  rounding the head through slippage. Head shape 
for the external g r i p  may be  anywhere from a four point t o  a 12 point socket 
configuration. Both have advantages and disadvantages, for  example, 
Two prime options considered were an external gr ip  and an in- 
This torque l imi ta t ion  is due t o  
Hard faced jaws with 
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the  four point provides more gripping surface while the 1 2  point provides 
the smallest wrench clearance and 30 degree posi t ional  symetry,  Another 
fac tor  t o  remember is to  select a shape tha t  provides parallel gripping 
surfaces tha t  oppose each other. 
ing o r  running threads, e i the r  a socket o r  box end is preferred. 
When using a t r ans i t i on  wrench in start- 
The i n t e rna l  g r ip  or  Allen wrench is considered a good design f o r  space 
applications s ince it re t a ins  a l l  the  advantages of the  socket type plus 
is l i gh te r  and a l so  eas i e r  t o  a l ign  during capture. 
a method of holding nuts and bol t s  must be developed, 
t ions  indicate  the best approach is t o  use captive nuts a d  captive b o l t s  
on a l l  modules having a replacement potential .  
For either type used, 
Preliminary evalua- 
Exis t ing connectors, such as e l e c t r i c a l  a d  f lu id  types, require  more s k i l l  
and strength to make/break than is readi ly  avai lable  by the propoeed mani- 
pulator. 
t o  depress the lock and provide coupling release, Another aodi f ica t ion  
required is the  provision f o r  bulkhead muntfng with access h r  operation. 
Modifications would be required t o  iacurporate thc gripping force 
Prior t o  defining the t o o l  a t t a c b n t  configurations best sui tad fo r  hold- 
ing tools on an end ef fec tor ,  t h e i r  physical charac te r i s t ics  must be de- 
fined. These charac te r i s t ics  include tool weights, actuation forces, 
operating throw width fo r  handles, appl icabi l i ty  t o  operation with one 
hand, and aligning capab i l i t i e s  of handles t o  end ef fec tor  and t o o l  t o  
work i t e m ,  Reference 10 has evaluated som of these charac te r i s t ics  and 
prepared a sumnary as sham in Table N-8. 
Note that the motion geometrics for  the  two handle pivot tools  represents 
rnaxinmum throw ra ther  than maximum working ranges. 
regular p l i e r s  and channel lock pliers,  require maximm throw t o  vary 
the tool working regime and therefore a f f e c t  the end ef fec tor  Jaw width 
requirements t o  a greater  extent than the tool working range throw, 
c m o n  type ratchet  wrench can be operated i n  several  ways oy the end 
effector .  It can be held by the handle with the socket mer the b o l t  
head and ratcheted back and for th  by operating the mani1Wlrlator. This 
Some t ao ls ,  such as 
The 
Table IV-8 Tool Requirements/Capabilities 
Tdlo I 5  
P l i e r s  (Regu: a r )  
Needle Nose 
P l i e r s  
Wire Cutters  
Wire S t r i p p e r s  
Automaric S i z t l  
6 V i s e  G r i p s  
Ratchet Wrench 
S t t  
tlandlr 
Sockets  
Ba l l  Drivers  
Open-End UrenLites 
or  Sel f -Adjust ing  
Crescent 
Crimping Tool  
Channel Locks 
l n t e r n a l  Snap 
Ring P l i e r s  
Externa 1 Snap 
S i z e .  i o .  
IC 
1'2 
P4 max 
9 max 
10 
10 
8'2 
Q 
i n .  
R,. , kh 
2 1 -  id r igh i  
I $ - , .  weighL (tot. i i .)  
J ? - L ) .  w e i g h t .  s e t  of 12 
size.; 0.050 t o  5 /16  in. 
1 1 - 1 1 ;  weiuht (S wrenches!  
2 R - ~ , 7  weig!]: 
16-i'i Wright,  seven a d j u s r i . c n t s ,  
2 - I i . 2  i n .  usah!* jaw openirr: 
7-0: :  i i e i g h t ,  snap r i n g s  1 i n .  d i a w t r -  
or Greater 
d-cz weight ,  snap r i n g s  1 i::. dianrter 
or g r e a t e r  
can occur with the handle axis i n  e i t h e r  of two d i rec t ions  with respect 
t o  the end effector .  A second method would be t o  hold the  ra tche t  head 
i n  l i n e  with the  Eh X-axis and r o t a t e  as desired.  An a l te rna t ive ,  such 
as  a long l ever  am, may be required where s ign i f i can t ly  higher torques 
than i t  can generate may be required. 
needed t o  def ine tool modifications t h a t  arise from the d e s i r a b i l i t y  of 
a consis tent  s t roke of the end e f f ec to r  and the need t o  obtain a high 
force/torque in te r face  (retent ion system between the too l  and the e id 
e f fec tor ,  and t o  ensure t h a t  the  tools can be retained by the  tool con- 
tainer o r  the  end ef fec tor  a t  a l l  times). 
faces with the end e f f ec to r  include hand tools t ha t  have operating s t rokes 
designed t o  be compatible with the human hand. Therefore, the end ef5ect-  
o r  w L l l  be assumed t o  have a similar operating stroke. 
This type information and more i s  
The too ls  selected f o r  i n t e r -  
With a number of the operating motions ident i f ied  and tool charac te r i s -  
t i c s  defined, the next s t e p  looked a t  feas ib le  wayG of attachment t o  the 
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end effectors .  For interface purposes, the tools considered may be 
divided in to  four general groups: s ingle  handled too l s  (Allen wrench, 
etc.) multi-handled too ls  (g l ie r  type), ones using a power take-off and 
ones needing electrical power. For s implici ty ,  the  design goal remains 
fo r  a l l  types of too ls  t o  be held, operated, and locked and unlocked 
using one arm with minimal tool-holding complexity. 
If useful  too ls  can be obtained and/or modified t o  be compatible i n  
grasp and motion, then one end ef fec tor  concept may be adeqtate. 
IV-37 presents d i f f e ren t  in te r face  concepts; some r e su l t i ng  from on- 
going NASA programs while others  were based on ground units.  
Fig. 
Concepts shown i n  Fig, IV-38 were selected because of t h e i r  simplicity. 
Concept (a) can be used f o r  socket appl icat ions with the big advantage 
being the  use of the wrist roll t o  provide the  rotat ionalmotion.  
cep t  (b) presents the  concept thinking developed i n  Reference 10 for  a 
Terminator K i t  Assembly OKA). Concept (c) represents  the self-contained 
approach where the too l  being held provides a l l  actuations required i n  
performing i t s  function, 
be l imited t o  approximately 2 60° and would provide a hardvire electrical 
quick disconnect a t  the mating Jaw interface.  
Reference 11 by D. H. Dane and IC. T. Blaise of NASA's MSFC i n  which they 
show some spec i f ic  charac te r i s t ics  t h a t  a nrechanlcal end e f f ec to r  needs 
t o  use hand tools  for  maintenance, repair, and a.sembly work. 
Con- 
For t h i s  case, the  wrist r o l l  capabi l i ty  would 
Concept (d) was from 
The last ites looked a t  in t r ans i t i on  t o o l  configuration was the  t o o l  
container. 
shape, access ib i l i ty ,  tool retent ion methods, adaptability/versatility 
t o  t o o l  select ion changes, e t c ,  
Tool container concepts may be categorized i n  severa l  ways - 
Again the key word was simplicity.  
A few of the re ten t ion  concepts avai lable  from other programs, m e t  of 
which have already been studied and evaluated fo r  astronaut use (not via 
manipulator arms), a re  brusl .type, i n t e rna l  and ex terna l  p i g ,  N-39).  
IV-58 
a. Single-Handle Wrench Type 
c .  S e l  €-Contained Tool Type d .  NASA Proposed Terntinator K i t  
Assembly (TU) 
Figure N-38 Tool/Jaw Interface Concept8 
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- B r u s h  P o s t  
External Brush Type Internal Brush Type 
Figure IV-39 Tool ketainer Concepts 
A more universal-type too l  container completely compatible with most 
any end effector concept cons is ts  of a s ingle  rectangular t o o l  tray 
that employs the p las t i c  brush finger retention method as shown in 
Fig. IV-40 rather than spring c l ips ,  
Figure 1v-40 Brush Type Tool Container 
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4. End Effector Desinn Concepts 
The primary emphasis during t h i s  p a r t  of the analysis was t o  inves t iga te  
the basic functions of engage, hold and release ana then apply them t o  a 
range of feas ib le  mechanisms which could perform the functions. 
point, the evaluation considewi items such as j a w  configurat ion ( d h n s i o o r  
3nd shapes), handledor  gripper, power c,r gear t r a i n  l inks,  and operating 
charac te r i s t ics  (jaw closing speed, secgor data feedback, e tc . ) .  
a. 
comparison matrix as shown in Figure IV-41. 
top level with the main pcrpose to reduce quickly the number of techaiquer 
for further considerations. 
From t h i s  
Grasper T y n ~  - General grasping techniques were considered in a 
These comparisons were very 
Reliminary evaluation r e su l t s  indicated three t sdhniques have :he 
greatas: potential for space applicatiun. 
scissors , vise or  parallel, and inser t j lock  (probej . The next evaluation 
level considered only the i s  three techniques i n  greater detail i n  order t o  
assign a prefet-zd pr ior i ty .  
used i n  determining the rating requence. 
jaw concept (1-1) was selected f i r s t  based on: 
t a c t  which remains conrtant during the b. Lp cycle, (2) presently constdered 
the state-of-the-art  manipulator end effector,  and (3) c m  .and toola 
have been developed which interface with the parallel j a w  t) 
or. 
These techniques include 
Figure IV-42 presents a c Xiparison matrix 
In aunmary, the t rue  p a r a l l e l  
(1) provides a grfy con- 
end effect- 
The a l te rna te  or  second place relection was the ?vsert end lock concept 
(1-4). This selection was chosen based OD: 
l i gh t  weight ana (2) ease of alig.Lng t h i s  devite wLth f:he :apture handle. 
1 G + - k -  r’unplicity and 
The scissors concept (IX.3)was given th i rd  placz and stayed i n  the running 
based on i t s  capabiliyg to  provide a max imum throw opening. 
b. 
t he i r  cppabilit- to function whrn attaciked to  e BCLIBO~, vicle or i n se r t /  
lock grcso4q.q device. Ttx: a grasping techniques can be expanded and 
Jaw C o n f i m r a t l z  - The jaw configdration concepts were derived on 
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made mre fie+ .le by incorporating interchangeable j s u  pads in to  the 
end ef fec tor  de*ign.Figure IV-43presents three d i f f e ren t  concepts con- 
sidered feasible in defining the in te r face  attachment between j a w  con- 
t ac t  tongs and tk pwer link. In gearal, the pwer l ink  provides 
motion of eithzr continuous ro ta t ion  or l inear  travel along the end 
ef fec tor  I[ axis.  hat- this study, the in te r face  between the power 
l i nk  a d  j a w  configuration w a s  considered conmon i n  &.st none of the 
concepts considered bad a big impact on drivino, the j a w  configuration. 
Jaw configurations conceived for general manipulator application are 
presented Zn Figures LV-44, IV-45 and IV-46 along w i t n  preliminary 
comparisons of system characterist ics.  
been separated into three p u p s :  
Jaw concepts presented have 
vise (I), sc issor  (II), and i n s e r t /  
lock om. 
Dilring the j a w  caparison analysis, some basic assumptions were used to 
simplify copparisons. 
o r  v-8e motion t o  grasp and hold objects. 
gripping surface was baselined a t  4 inches DAlcillllll. A rc.distic handle 
s ize  for gripping purposes w a s  found to range fran 3/8 t o  1 inch thick- 
ness. 
angular and displacement misalignueats. 
Concepts 1-1 thrargb 1-6 employ an equal pa ra l l e l  
Distance between the j a w s  
Therefore, a 1 inch handle was assumed for  defining allavable 
Concepts 11-1 through 11-6 use a scissors motion t o  grasp objects. 
Distance between the j a w s  f o r  maxipum opening w a s  baselined a t  6.3 inches. 
This was possible due to the capabili ty inherent with the scissors t o  
open to  approximately 130 degrees. 
concept : 
generates a force vector that  physically pushes the handle sway from the 
gripping jaws. 
The bfg disadvantage with the  sc i ssors  
i n  the increasing and unequal point force application. This 
Con-epts 111-1 through 111-3 apply the i n s e r t  and iock technique which 
i s  similar t o  sore of the docking devices. 
(III-l.), had a single probe and an inherent locking device. 
The f i r s t  cmcept looked at  
This concept 
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k----------- 
I-_____ 
Nigh romplev i ty  
J a w s  w i l l  r x p m d  onre i n  
r e c i . p t a r l c ,  h o l d i n p  w h i l e  
tin.a! ili&:nrnent is made 
i 
-- 
High complex i ty  
This concep t  w o v i d e s  d u a l  
u s e ,  as bo th  an exter iaal  
@ a s p  or  a l i g n  w i t h  i n t e r r l a l  
r e r e p t a c l c  3nd expand 
1 I I -  I I n ~ e r t f L o c k  
b-10 cm (1.5 - i in)  
1 . 2 7  - 2.54 C T  ( 5  - 1 i n )  
- + .OS r ad  (+ 3 d e g ) P  
+ .05 rad :? ; deg)Y 
- + 3.14 r+  :+ 180 deg)R 
.- - 
UlA i n  X 
9 . 6 3  cm(+ 0.25 in)Y 
5 . 6 3  cm(f 0.25 ;n)Z 
~~~~ ~ 
Xequ I re 5 ar c u r a t e  a 1 i g n r n  t s 
i l ignment  c u e s  would be 
J s e f u l  
- -- - 
. imited t o  a compa t ib l e  in-  
s e r t  and expand type r e c e p -  
: ac l e  
5 - 10 c n  (1.5 - 4 i n )  
1.27 - 2.54 c n  (0 5 - 1 i n )  
--- - -  
- + . 0 1 7  rad e I deg)P  
+ .I117 rad  (2 I aeg)Y -
?.14 rad (2 180 deg)R 
+ 1.25 I m  (+ 0.5 in)X 
+ 0.63 cm (2  0.25 in)Y 
+ 0 . ~ 3  cm (2 0 . 2 5  in )Z 
-
- - 
Requ i t e s  acLu;ate alignne.at  
-- 
Goal v i e u i n g  c u e  i f  Ty 
c ent e red  
Limi ted  t o  an  insert  and ex- 
pand type  r e c e p t a c l e  
111-3 Dual Act ion  Grasp  
I n t e r n a l  and E x t e r n a l  G r a s p  
4 - In  cm (1.5 - 4 in)  
1 . 2 7  - 2 . 3 1  cm (0.5 - 1 in) 
- + .017 rad  (+ 1 d e g j P  
-r .017 r ad  (+ 1 deg)Y - + 3.14 rad (2 IHO deg)F  
+ 1.27 cm (+ 0.5 i n ) X  
+ 0.63  cm (2 0 . 2 5  in)Y 
+ 0.63 CG (2  0 . 2 5  i n ) 2  
- - - 
As'gular misa l ignment  
c a p a b i l i t y  
Good v iewing  c u e  i f  TV 
l e n s  c e n t e r e d  
--- 
G w d  f l e x i b i l i t y  for c a p t u t .  
of d i f f e r e n t  shaped har r lzare  
Figure IV-% Insert a d  Lock Concepts Comparisons 
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has many possible options and should be considered for special pur- 
pose applications. 
Results from this generalized end effector study have been collectively 
evaluated. Items having merit for further design considerations in 
Task 4 have been summarized in Table IV-9. 
Table IV-9 End Effector Requirements Summary 
~ 
Items and Functions 
nterfaces, E’unctional 
Wrist: 
Degrees-of-freedom 
Roll 
Speed 
Torque 
Wrist/End Wffector 
Worksite: (Guidelines) 
Task Functions 
lkiipulator/Worksite 
Module Locations 
Modu 1 e Remova 1 
Illulr’ T .ition 
nterface. rhysical 
Wrist: 
Wris t/End Ef fectc r Connec toi 
Electrical 
Worksite: 
Vodule Sizp Accom. (max) 
Module Size Accom. (min) 
Module Mass 
Handles 
Design Criteria 2ecommendations 
Three (Pitch, Yaw, Roll) 
Continuous Rotation 
0.2 rad/sec (11.5 deg/sec) at full load 
20 N-m (15 ft-lb) nom. 
Interchangeable, manual 
Remove/Replace Modules 
Break/Makc Connections 
A s s u m e  one rigid body 
Near Surface for Direct Access 
Linear Motion; 1 meter min. 
TBD 
10 cm (4 inch) O.D. max. 
Hardwi re 
1 x 1 x 1 m (3 .3  x 3 . 3  x 3 . 3  ft) 
0.15 x 0.15 x 0.15~1 (0.5 x 0.5 x 0.5 ft) 
150 kg (330 lb) 
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Table IV-9 End Effector Requirements Sumnary Gont'd) 
 
Items and Functions 
End Effector 
Jaw Configuration 
G r i p  Throw (Max) 
G r i p  Force (Max) 
Gr ip  Torque (Applied) 
Grip Speed 
Jaw AcLuation Linkage 
Power Source 
Actuators 
J a w  Dimensions 
G r i p  Width 
Gr ip  Length 
Total. Gripping Depth 
Design Features 
Sensors 
Position and Alignment 
Force Feedback (Roll Torque) 
Rate (Roll) 
Position (Roil and Jaw Throw) 
Gr ip  Force 
I 
1 Contact 
~ 
I 
~ ~ ~ - _  ~~ 
Design Cr i t e r i a  Reccxmnendations 
Parallel/Vise, Altern.: Insert/Lock 
7.6 cm (3 in )  min 
44.5 t o  89 N (10 t o  20 1b) 
20.2 N-M (15 f t - l b )  
5 cm/sec (2 in/sec) 
(Sys. Design Depadent) 
Cams, Screw Thread, Pivot Links 
28 Volt, DC, E lec t r ic  Motors 
Gear Trains and Shafts Compatible 
with continuous Roll Joint 
1.74 - 3.5 c m  (0.75 t o  1.5 in) 
2.5 - 5.1 cm (IO t o  2.0 in) 
5.1 - 7.6 cm (2.0 t o  3.0 in) 
In  te  rchangeab 1 e Jaws 
Visual: Indirect ,  Depth Sensor Coil 
Design Dependent 
Tachometers 
Potentiometers 
Current, Motor 
Visual only, 
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SYSTEM CONCEPT SEUCTION E. 
1. 
!. review of t he  manipulator system concepts was conducted by the NASA 
a t  which time two concepts were selected f o r  fu r the r  consideration: 
t he  f i r s t  f o r  preliminary design and the second as an a l te rna te .  
C onf igur  a t  ion_ 
The manipulator configurat ion se lec ted  was the  general  purpose s i x  
degree of freedom a r t i cu la t ed  a r m  f o r  appl ica t ion  t o  sa te l l i t e  main- 
tenance and serv ic ing  ac t iv i ty .  This concept, previously shown i n  
Fig. IV-11,  was baselined t o  incorporate tSe basel ine requirements 
shown i n  Table IV-10. 
A second concept, previously shown i n  Fig. IV-4(b) and requir ing only 
four degrees of a r t i c u l a t i o n ,  was se lec ted  as an alternate candidate 
t o  be fu r the r  invss t iga ted  by the  NASA. 
Table IV-10 General Purpose Manipulator Base l i n e  Requirements 
Par am ter 
Gimbal Sequence 
Iength 
Working Volume 
T i p  Force 
Tip Torque 
V e  loc it y 
Mass - 
Re quirenent 
Trans l a t  ion: Yaw , Pitch , Pitch 
Rotation: P l t c h ,  Yaw, Rol l  
Shoulder t o  End Effector :  2.71 m (9 f t )  
HemisFherkal over FFTP Docking In te r face  
A t  .Maximum Extension: 44.5 N (10 lb)  
20.2 N-m (15 f t - l b s )  
A t  Maxkmun Extension: 50.6 m/sec (2 f t / s e c )  
5 45.4 Kg (100 lbs) 
Each of these  concepts provide the a b i l i t y  t o  remove and replace modules 
as required during the serv ic ing  of satel l i tes  with the 6 degree-of-freedom 
concept providing more f l e x i b i l i t y  t o  the serv ic ing  functions,  
a l l y ,  it was recognized t h a t  the  technology developed i n  the  preliminary 
design of the  6 degree-of-freedom concept would be d i r e c t l y  appl icable  
t o  the  alternate concept, 
Addition- 
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2. Controllers 
The controller types selected for  further study included two 3-DOF 
r a t e  cont ro l le rs  for un i la te ra l  r a t e  control ant-'. the 6-DOF v e r t i c a l  
s l i d e r  controller concept for both un i l a t e ra l  and b i l a t e r a l  position 
control as shown i n  Figs. IV-17 and 2.2, 
technique was t o  be based upon posit ional e r ro r s  which eliminated the 
need for  e i t h e r  d i s t r ibu ted  s t r a i n  gauges on the arm or  a s t r a i n  gauge 
array at the end effector. 
Force sensing fo r  cihe b i l a t e r a l  
3. Control Technique 
v 
The control technique selected for investigation during the preliminary 
design phase fo r  application t o  the manipulator configuration consisted 
of the  range/azimth/elevation/rotation techniqw, (Section IV-C. 3) 
with the  following options t o  be investigated during the man-in-the- 
loop simulations: un i l a t e ra l  ra te ,  un i l a t e ra l  position, and b i l a t e r a l  
position. 
inherent simplicity of implementation, as the control technique is  
matched t o  the manipulator conf lguration characterist ics.  
The primary c r i t e r i a  for selection of t h i s  technique was the 
4. End Effector 
The end ef fec tor  concept selected for the manipulator system preliminary 
d e s i g  was a pa ra l l e l  jaw type based upon general purpose applications. 
The end effector requirements were t o  be based upon the reconrrrendations 
of Section IV-D as  previously suurnarized in Table IV-9. 
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V. DETAILED REQUIREMENTS ANALYSIS AND TRADE STUDIES 
t 
Based upon the manipulator sys ten  concept se lec ted  f o r  the  preliminary 
design phase, a de ta i led  ana lys i s  of the  configurat ion was conducted 
t o  e s t a b l i s h  those requirements t h a t  a r e  key elements i n  the  p r e l i m i -  
nary design of the manipulator system. 
as well a s  man-in-the-loop simulations,  were used t o  form the  frame- 
work fo r  the ove ra l l  design. 
The r e s u l t s  of these  analyses ,  
A. CON? IGURATIO N AMLY SIS 
1. Jo in t  Angular Travel 
The j o i n t  angular t r a v e l  limits are derived from the  reach requirements, 
the working vcl.urne, and t h e  t y p i c a l  motions required t o  e f f e c t  t h e  t a s k  
ac t iv i ty .  
2. 
are ,+ 200 degrees. 
t o  enable continuous a c t i v i t y  on e i t h e r  end of t he  FFTS whether f o r  
s a t c l l i t e  se rv ic ing  from an  alternate docking ?oca t ion  o r  fo r  stowage 
of che modules on the  s ide  or  rear of t he  FFTS. 
Shoulder Yaw - The angular t r a v e l  l imi t s  on the  shoulder yaw gimbal 
This bas es tab l i shed ,  as i l l u s t r a t e d  i n  Fig. V-1, 
b. 
gimSal a r e  0 t o  180 degrees. This enables thc mipula tor  t o  be posi- 
t ioned anywhere on the hemispherical surface as shown i n  Fig. V-1. 
Shoulder Pitch - The angular t: we1 l imi t s  on the  shoulder p i t ch  
c, 
are 0 t o  180 degrees. 
e f f ec to r  of the manipulator, i n  conjunction with the  shoulder p i t ch  
and yaw gimbals, any place wi th in  the  hemispherical volume a s  i l l u -  
s t r a t e d  i n  Fig.  V-1, 
Elbow Pi tch - The angular t r a v e l  l i m i t s  on the  elbow pi tch  gimbal 
This provides the  a b i l i t y  t o  pos i t ion  the  end 
d. 
bas t l ined  a t  ,+ 90 dcgrees. 
Wrist Pi tch - The angular l i m i t s  on the  wrist p i tch  gimbal are 
However, i t  should be noted tha t  add i t iona l  
v- 1 
Shoulder Yaw 
0 to + 200° 
Module Stowage 
and 
Alternate Servicing 
Region 
Figure V-: Joint Angular Travel Lirr:ts 
v- 2 
angular  t r a v e l ,  up t o  - + 125,  w a s  considered f o r  t h e  wrist p i tch ,  
i l l u s t r a t e d  i n  Fig. V-2, wi th  t h e  l a r g e s t  se rv icable  module (1 x 1. x l m )  
and assuming a 36 c m  (14 i n )  wrist ,  ,ontact with t h e  main arm does not 
occur u n t i l  che wrist p i t c h  gimbal i s  r o t a t e d  a p p r o x i r a t e l y  ,+ 125 
degrees. Another a rea ,  i n  which a la rge  ang-Jlar t r a v e l  requirement 
arises,  i s  i n  the  removal of a module wh?'.le at 'omptii ig t o  use t h e  maxi- 
mum manipulator reach  ava i lab le .  As seen  i n  ' . V-2,  while the wrist 
p i t c h  ang1)e l i m i t  exceeds f goo, ;his i s  easi1.y avoided i f  t h e  a l t e r n e t e  
technique i l l u s t r a t e d  i n  Fig. i-2 i s  used. This tec!ininue a l s o  maxi- 
mizes t h e  main manipulator arm-module c learaiice during t h e  module 
removal. Therefore ,  t o  s impl i fy  t h e  mcchanicnl design,  t h e  l i m i t s  on 
t h e  wr is t  p i t c h  gimbal w i l l  be 2 90". 
A s  
e.  Wrist Yaw - The wrist yaw l i m i t s  a r e  e s t a o l i s h e d  i n  a similar manner 
t o  t h a t  of wrist p i t c h ,  with one exception. When t h e  wr3-L: yaw a i g l e  
is ,+ 90 degrees ,  a s i n g u l a r i t y  occurs i n  thizt one motion d i r e c t i c n  of 
A l t e r n c t e  Tec, nique 
(cffsef attachment) -\ 
\ 
I n t e r f  crence 
Figure V-2 Wrist Angular Tr-vel 
v- 3 
2. 
Shoulder 
E lbm 
Wrist 
the wrist is los t .  To avoid l o s s  of t h i s  motion*, the  second degree- 
of-freedom should remain less that ,+ 90 degrees. 
mechanical design w i l l  s t i l l  be i d e n t i c a l  t o  t h a t  of t he  w r i s t  p i tch ,  
a 85 degree operat ional  l i m i t  is baselined, 
Therefore, while the 
Yaw P i t ch  
( d e d  (deg) 
+ 200 t o  - 200 0 t o  + 180 
- 0 t o  - 180 
+ 85 t o  - 85 + 90 t o  - 90 
f .  
funct ional  f l e x i b i l i t y  within the  general  purpose manipulator, i s  con- 
t inuous. 
Wrist Roll - The w r i s t  r o l l ,  primarily t o  provide opera t iona l  and 
g. 
as spec i f ied  i n  Table V-1. 
Sqmary - The basel ine manipulator w i l l  have j o i n t  angular travels 
Table V-1 Manipulator Joint-Angular Travel  
Jo in t  Accuracy 
Ro 11 
(deg 1 
- 
- 
Continuous 
An approximation of the  pos i t i ona l  e r r o r ,  SR, r e su l t i ng  from angular 
errors i n  the manipulator j o i n t s  is given by 
as i l l u s t r a t e d  i n  Fig. V-3. 
each j o i n t  then 
Assuming an equal  angular error,'M, i n  
L J 
t P r i m a r i l y  a requirement based upon the use of con t ro l  techniques 
otner than joint-by- jo in t  switch and range/azimuth/elevation. 
v-4 
Figure 
or 
W i  
AR = f i / 2  IdB, 
h L = 9 f t ,  
AR = 16.2 AQ 
TLis  expression is plotted in  Fig. V-3, 
A reasonable posit ional  error for the manipulator is  about 1 cm. Addi- 
t io - .a l ly ,  from past experience, 5 arc-minutes per joint  is a good approx- 
i m t i o n  of backlash which would develop a maximum of 0.75 cm error. 
Therefore, the  joint accuracy requirement w i l l  be established a s  no 
u;eater t han  6 arc-minutes (0.1') per joint .  
v-5 
7 E lbow Jo in t  Cons ider a t  ions J. 
To provide maximum manipulator volumetric coverage, t h e  elbow j o i n t  
angular t r a v e l  requirement w a s  es tab l i shed  as 0 t o  180 degrees, I n  
addi t ion,  s ince  the present FFTS program guidel ines  require  the mani- 
pulator  t o  be s t m e d  on the ground and while i r  the  Shut t le  cargo bay 
during laugch, o r b i t ,  deorbi t  and e a r t h  re turn,  it is  advantageous t o  
a s s u e  the stowed length of the  manipulator w i l l  not exceed the  maxi- 
mum lengtn of the baselined FFTS or  1.52 m (5 f t ) .  
A number of elbow j o i n t  concepts which enable the  manipulator t o  be 
"folded i n  half" were iden t i f i ed  as shown i n  Fig. V-4, 
start with a simple type and advance t o  the  more complex configurations,  
Concept 1 was eliminated due t o  i t s  i n a b i l i t y  t o  s a t i s f y  the  stowage 
requirements. 
and higher number of moving par ts ,  This l e f t  concepts 2, 3 and 4 with 
no c lean  cu t  or obvious ra t iona le  f o r  fu r the r  elimination. 
The concepts 
Concept 5 was eliminated based on i t s  increased complexity 
Based upon technica l  judgment, Concept 2 was selected as it provided 
the  best j o i n t  concept fo r  t r ans fe r r ing  the  wiring across  the  elbow 
and out t o  the  wrist. 
4. Stowage Considerations 
With the elbow j o i n t  having the a b i l i t y  t o  fo ld  i n  ha l f ,  several stowage 
configurations were invest igated as shown i n  Fig. V-5. 
Concept (a) enables the use of equal length arm segments. 
support c rad le  €or the  wrist, above the FFTS mold l i ne ,  would be re- 
quired. The remaining concepts a11 have unequal segment lengths with 
(c) and (d) providing nearly equal  segments. 
However, a 
Concept (d) was selected i n  tha t  the stowed configurat ion is more nearly 
aligned along the  JXTS mold line. 
V- 6 
Y 
h 
k 
aJ 
bo 
k 
a 
d 
rn 
Q) 
k 
-r( 
5 s 
aJ 
M 
84 
P 
r 1 0  
H(d 
I 
. 
u 3 ,  
I 
I 
I 
LO 
- t 
4 m 
U 
C 
-d 
0 
r, 
U 
0 
C 
3 
w 
,-I 
0 
& 
.. 
V- 7 
Top view 
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Figure V-5 Stowed Configurations 
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5 .  Arm Segmnt Lengths 
A t rade study was i n i t i a t e d  t o  e s t ab l i sh  the e f f e c t s  of having unequal 
segment lengths fo r  the  manipulator tipper and l o w r  arms. The primary 
dr iving function fo r  considering unequal lengths was based upon me 
selected arm stowage configuration. In  addi t ion,  t he  s impl ic i ty  of 
the range, azinrtth, and e leva t ion  (RAE) cont ro l  mode which requi res  a 
minimum of computational complexity was based upon equal  SegmAAt lengths 
and might no longer be appl icable  t o  an unequal segment-length manipu- 
la tor .  
Two cases were invest igated as i l l u s t r a t e d  i n  Fig. V-6. It was assumed 
t h a t  i n  both cases, the wrist-to-end e f f ec to r  dimension, , would be 
minimized as t h i s  dis tance does not enhance the  working volum of the  
manipulator, only t h e  o v e r a l l  reach, Based upon the  preliminary re- 
quirements of a 2.74 m (9.0 f t )  reach and a woriing volme of approxi- 
mately 2.44 m (8 f t )  then, 
4
jl + e2 + j 3  = 2.74 m (9 f t )  and 
e + e2 w 2.44 m (8 f t )  1 
Note t h a t  the sum of 1, + e2 i s  dependent on the  f i n a l  design length 
required f o r  .e3. 
cases i s  with respect t o  manipulator cont ro l  i n  the  range d i r ec t ion ,  
i.e. azimuth and e leva t ion  con t ro l  fo r  each case remains so le ly  a func- 
t i o n  of the  shoulder yaw and p i tch  gimbals respectively.  
Additionally,  the  primary d i f fe rences  i n  the  two 
Fig. V-7 i l l u s t r a t e s  the geometric re la t ionship  between the  arm segment 
lengths and the  manipulator range. I n  general ,  
v-9 
4h2 
', i 3  
b 
Case I: 1, = I,; 
e3 minimized 
Case 11: Il > 1,; 
minimized 
Figure V-6 Equal vs Unequal Arm Segment lengths  
0 = shoulder angle 
0 = elbow angle 
R = range 
S 
e 
Figure V-7 Generalized Arm Segment Geometric Relationship 
1 s i n 0  -1 2 where a = t an  
The two cases are i n i t i a l l y  analyzed where the range vector  is  defined 
as the vector from the shoulder gimbal t o  the  wrist p i tch  gimbal. 
a. Case I: e, = e2 - For t h i s  case,  1, = 
generalized equations may be s implif ied t o  
= L such t h a t  t he  
v- 10 
R = 2 L  C O S Q  
wherc a = e / 2  
e 
This r e l a t i o n s h i p  i s  shown i n  Fig.  V-8 and i l l u s t r a t e s  the  r a t h e r  simple 
geometric r e l a t i o n s h i p  provided by using equal segment lengths .  
b. 
f i e d .  
V-9. It should be noted t h a t  t h e  maximum value of  a occurs  at 64 o r  
when the  range i s  55 cm (21.6 i n ) .  A t  t h i s  time, any decrease  i n  range 
r e s u l t s  i n  a decrease i n  a such t h a t  t h e  elbow moves i n  a "forward" 
d i r e c t i o n ,  and may i n  some cases  s t r i k e  the  work sur face .  T h i s ,  of 
course,  could be prevented through o p e r a t i o n a l  procedures. 
Case 11; al,12 - For t h i s  case,  the equat ions may n o t  be s impli-  - 
The ann t r a j e c t o r i e s  as a func t ion  of range are shown i n  Fig.  
0 
Addi t iona l ly ,  w i t h i n  t h e  55 cm (21.6 in! range, the  angular  ra te ,  a , 
increases  s i g n i f i c a n t l y  f o r  a cons tan t  range rate and t h e  minimum range, 
given by e, - e,, r e s u l t s  i n  an unreachable sphere of 12.7 cm (5  i n . )  
rad ius .  Therefore,  a new technique w a s  i n v e s t i g a t e d  t o  provide complete 
opera t iona l  range i n  a manner s i m i l a r  t o  t h a t  provided by t h e  equal 
length  segment manipulator systems. 
Previously,  t h e  range vec tor  was def ined from the  shoulder  t o  t h e  wrist 
p i t c h  gimbal. 
p o i n t  i n  space along .e2 such t h a t  = .e2 + A ,  t h e  manipulator can b e  
c o n t r o l l e d  i n  range as though i t  had equal  segment lengths .  The mani- 
p u l a t o r  t r a j e c t o r i e s  as a r e s u l t  of t h i r  assumption a r e  i l l u s t r a t e d  
i n  Fig.  V - 1 0 .  
complete opera t iona l  range. Thus, c o n t r o l  based upon "equaltt  segment 
lengths  w i l l  be used while t h e  a c t u a l  manipulator w i l l  c o n t a i n  unequal 
lengths  basee upon t h e  stowage cons idera t ions .  
I f  t h e  range vec tor  i s  def ined  from t h e  shoulder  t o  a 
These t r a j e c t o r i e s  are w e l l  def ined and provide f o r  a 
6 .  J o i n t  Torque 
The j o i n t  torque requirements are based upon both s t a t i c  and dynamic 
cons idera t ions .  I n  genera l ,  ground based manipulator  systems are  
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designed from a s t a t i c  o r  " t ip-force" requirement. The most s t r ingen t  
torque requirement based upon the s t a t i c  case i s  when the arm i s  f u l l y  
extended such t h a t  the rnaximrun force i s  a.pplied a t  the longest lever 
a r m  w i t h  respect t o  the gimbals as shown i n  Fig. V-11 .  
4 4 , 5 N ( l O  lb) 
44.5N (10 lb) I 
Figure V-11  S t a t i c  Torques 
Based upon the  above dimensional information, thz  s ta t ic  L s are 
given by 
T = F e  S 
S 
where 1 is the  length from the end effecLor t o  the appl icable  j o i n t  
gimbal. 
It i s  assumed t h a t  t he  yaw-pitch gimbals at. the wrist and at the  shoulder 
are concident. Table V-2 summarizes the torqaes  required based so le ly  
upon the  worst case s ta t ic  considerations.  
Table V-2 SLatic Torques 
I Shoulder Yaw and Pi tch  Elbow Pi tch I I 122.4 (90) 63. 3 (50) 
I 13.6 (10) I Wrist Ro 11 1 20.4 (15*) Wr is t Pi tch  -Yaw 
~- ~~ ~~ 
* Previously Uaselined p e r  Task 2, Preliminary Requirements Analysis 
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The dynamic torque requirements .:. - primarily a funct ion of :he acce l -  
e r a t ions ,  or decelerat ions,  required based upon adeQrlate stopping 
dis tance and the  module t r ans fe r  ve loc i t i e s ,  o r  angular rates, required 
based primarily upon the  time a l loca t ion  fo r  module t ransfer .  
An analys is  w a s  corducted t o  e s t a b l i s h  the  dynamic e f f e c t s  of t he  man- 
ipu la tor  system from the  unloaded t o  the  maximum loaded case. 
ana lys i s ,  contained i n  Appendix B, shows a s ign i f i can t  amount of atten- 
tion must be given t o  the  dynamic torque requirements f o r  manipulator 
systems operat ing i n  a zero gravi ty  envirorment, 
clusion i e s u l t i n g  from t h i s  ana lys i s  i s  t h a t  if the  manipulator system 
is designed so le ly  from s ta t ic  considerat ions,  then the matipulatar  
wrist becomes a "weak link" i n  the  system. A simple example igcoring 
manipulator mass / iner t ia  and module inertia, i l lustrates t h i s  "weak 
Link" at the wrist. 
The 
One important con- 
With reference t o  Fig. V-12, from s t a t i c  considerat ions the manipulator 
shoulder torques required are 122 N-m (90 f t - l b s )  and the  wrist torques 
required arc 13.6 N-m (10 ft-lbs:. 
Now, assume t h e  i iexhm- shoulder torque ava i lab le  i s  used t o  accelerate 
a 146 Kg (10 slug)  modul;.,. The apparent force ac t ing  on t h e  module, 
from Fig. V-12, is  40 N ( 9  lbs )  and the torque required by the  wrist 
becomes 24.5 N-m (18 fa:-lbs) o r  near ly  twice t h a t  required from stat ic  
cons idera t ions. 
Thus the designer i s  confronted with three  options t h a t  are ava i lab le  
t o  provide an arm with adequate dynamic s t rength.  
(1) increase the  tarque capab i l i t y  of the  wrist; (2) operate the  wrist 
i n  conjunction with brakes;  or  (3) l i m i t  the  shoulder/elbow torques 
when handling large payloads. 
These include: 
Recognizing t h a t  the  mnipu l s to r  design w i l l  incorporate brakes as a 
safe ty  meastre i n  the  event of a power loss and, i n  addi t ion,  conxnonelity 
V-16 
= m L1 (2L + a  + x) Tu, = F, @ + x) P 
a = T ~ / I  = T /m ( 2 ~  + 1 + x)2 
S P  
As smpt ions : 
2L = 2,4 m (8 f t )  
1 = 0,3 m (1 ft) 
x = 0.3 m (1 *ft) 
P m 146 Kg (LO slugs) 
Figure V-12 Static vs Dynamic Torques 
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w i t h i n  the  ove ra l l  w r i s t  design is  des i rab le ,  t h e  w r i s t  p i tch  and yaw 
torques wen: increased t o  20.4 N-m (15 f t - l b s ) .  This torqae when 
coupled with t h e  brake provides a 40.8 N-m (30 f t - l b s )  w r i s t  torque 
c a p a b i l i t y  which i s  more than adequate fo r  the l a rges t  serviceable  
modu le. 
Jo in t  Angular Rates 
a. Typ ica l  Operat ional  Rates - The manipulator opera t iona l  rates are 
based upon two considerations:  
a r e  reasonable and (2) assure stopping d is tances ,  with respect  t o  the  
maximum rates and module masses, a r e  not excessive. 
(1) provide rates such t h a t  t a sk  times 
Fig. V-13 i l l u s t r a t e s  the  in t e r r e l a t ionsh ip  between t h e  shoulder angular  
rates, t i p  t angen t i a l  v e l o c i t i e s ,  and t i m e  t o  complete a i8Oo r o t a t i o n a l  
mareuver. The preliminary requirements ana lys i s  @ask 2) es tab l i shed  
a maximum t i p  ve loc i ty  of 50.61 m/sec (2 f t / sec) .  A t a sk  t i m e  of 10-20 
Time f o r  180° 
r o t a t i o n  at w m a x  
0 t 
(radfsec) E 
0,05 62,8 
0-10 31.4 
0.15 20,9 
0-20 15.7 
0.25 12.5 
0,30 10.5 
0 0.3  0.61 0.91 
(1) (2) (3) 
Tangential Vdlocity. m/sec (ft/sec) 
Figure V-13 Shoulder Rates 
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seconds, not including acceleration/deceleration t inre  was assumed ade- 
quate fo r  a 180° rotation. From the curves,  shoulder rates of 0.2 
rad/sec (11,5°/sec) were selected as  the nominal maximum opera t iona l  
ra tes .  From manipulator geometry considerat ions , the  remaining j o i n t  
rates were establ ished as  sumnarized i n  Table V-3.  
Shoulder Yaw: 0.2 r/s 
Shoulder Pitch: 0.2 r/s 
Elbow Pitch: 0.4 r/s 
Table V-3  Jo in t  Angular Rates 
Wrist Pitch: 0.2 r/s 
0.2 r/s k i s t  Yaw: 
Wrist Roll: 0.2 r/s  
b. Centr i fugal  Force - Pr ior  t o  basel ining the  j o i n t  angular rates, 
the  cen t r i fuga l  force developed on the  a r m  was invest igated assuming 
the maxiuum manipulator reach and angular ve loc i ty  and the  la rges t  
module mass. The r e s u l t s ,  shown graphical ly  i n  Fig. V-14, indicate 
the magnitudes are wi th in  the  "strength" capab i l i t y  of t he  manipulator. 
c. Stopping Distances - The stopping dis tance,  again under "worst 
case!' conditions was es tab l i shed  as under 0.52 m (1.7 f t )  as shown i n  
Fig, V-15 .  However, i t  should be noted t h a t  i n  general  t he  largest 
module w i l l  be t ransfer red  a t  r a t e s  less than t h e  rnaximm avai lab le  
by the  manipulator and therefore  shor te r  stopping d is tances  are more 
realist ic.  
d. 
fo r  manipulator appl icat ion:  
are driven a t  a conmanded angular rate and (2) t i p  t r a n s l a t i o n a l  con t ro l  
i n  which the m n i p u l a t o r  t i p  i s  dr iven a t  a connnanded l inea r  velocity.  
The manipulator t i p  t r a n s l a t i o n a l  rates, ba-cd upon the  se lec ted  j o i n t  
angular r a t e s ,  a r e  shown i n  Fig. V-16. 
T i p  Trans la t iona l  Rates - Two con t ro l  techniques are zonmonly proposed 
(1) jo in t  rate con t ro l  i n  which the  gimbals 
,In the case of t i p  t r ans l a t iona l  ve loc i ty  control ,  the  operat ing range 
is limite,; in less  the  maximum allowable gimbal rates are increased. 
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Figure V - 1 4  Centrifugal Forces 
Force = 44.5 N (10 lb) 
Mass = 150 kg (10.2 slugs)  I 
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Figure V-15 Worst Case Stopping  Distances 
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t Tangent ia 1 -, / 1.0 f t / s e c  
t 
0 0.92 1.83 
(3) (6 )  
Range, m ( f t )  
Figure V-16. Radial and TangentSsl Races 
For example, s ince  R = 2L cos a, the range rate R = -PL s i n  a 
as a- * /2  the gimbal rates 5 s t  be increased s i g n i f i c a n t l y  t o  maintain 
a constant range rate. 
before t h i s  occurs. .The primary l imi t a t ion  arises from tangent ia l  
ve loc i ty  considerations (i.e., maximum shoulder r o t a t i o n a l  rates). 
While j o i n t  r a t e  control  is s i m p l e r  t o  implement, the f i n a l  choice m s t  
b e  based upon o?erator preference o r  performance. 
& and 
However, a wide operating range is available 
2.7.; 
(9) 
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B. STRUCTURAL ANAISSIS 
1. Square vs Circular Arm Semnt Cross-section 
Because of the consideration of minniparm wigh t  i n  the design of the 
mantpulator arm, various shaped cross-ect ioas  vere studied. 
nmst comaon shapes selected for more detailed evaluations =re: 
The two 
a, 'rtre th in  w a l l  round tube for a 3" t o  4" d i a r t r i c  range w i t h  
5 0 s  I 1 0 0  where D = outside diereter and t 5 w a l l  thickness 
b. The thin w a l l  square tube for a 3" to 4" square range with 
50 I I 1 0 0  where w = outside width and h = w a l l  thickness 
Both of t&se tubes hatte advantages and disadvantages a& were evaluated 
in term of the following characteristics: 
and design considerations. 
beding, torsion, voltlc, 
a, 
compared against each other while raintaining the sgpe mass per unit 
length properties. 
for the th in  walled circular tubing is 
Bend i s  - The two different shapes of structural p1Lbers =re 
The simplified area m n t  of inertia forru3.a 
D3 IC =7 t 
where D is the average diameter of the tube and t is the wall thickness. 
The area mOment of i rwrt ia  for square tubing is 
D4 (b-2h)4 
I s = 1 2 -  12 
where h is the wall thickness of square tubing. 
For the same weight per unit-length of tubes, the cross-sectional areas 
must be identical. Thus, 
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The tvo area moments of inertias are 
4 D 
I s - i Z -  12 
Fig. V-17 compares these two expressions based upon 
- I  
X INCREASE = 'ISQUABE cIwc- x loo 
ICIRCaAR 
and shows the  variation of iaertia increase of a square tube with 
respect t o  a circular  tube as a function of w a l l  t h i c h s s ,  The prac- 
tical range is indicated as the curves bepod w a l l  thiclsaess of 0.3 ca 
should be ignored because the thin w a l l  formla does not apply t o  the 
circular  cross-section for the specified ranges of dbPeter.  
other hand, the tube becoses impractical t o  manufacture w k n  wall 
thickness i s  wdem 0.1 ca. 
09 the 
b. Torsional Resirtaua - Although the torstonal 8hsa.r stress ( T )  
w i l l  occur eimultaneously with the bending stress, the shear atresaes 
for square a d  round tubing were evaluated 436 a separate item. 
shear stress is given by 
The 
a d  identical  torques 0 )  w i l l  be applied to  both tubes. The reapectiw 
tube areas (A) are 
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2 
%QUARE = 
Again, t o  achieve ident ica l  mass per uni t  lengths, the wal l  thicknesses 
(t) must be adjusted. Iet h be t h e  thickneis of the  square tube. Then, 
m 
The shear stress resistance of each tube is ident ica l  when their weight/ 
unit  length and diameters are the same. However,  ‘it m u s t  be pointed 
out t ha t  t he  stress concentration fac tor  (a), t o  be applied t o  the resu l t -  
ing shear stress, occurs i n  the case of a square tube. 
(r) at  the i n m r  corners of a square cross-section of t he  tube w i l l  in- 
fluence t h e  maximum shear stress.  
The f i l l e t  radius 
For a round tube, k = 1. 
The stress concentration factor accor ing t o  S. Timoshenko i n  Strength - of Materials, P a r t  I1 is: k = 1.74 e. 4 
Therefore, an important requirement is t ha t  the f i l l e t  radius of square 
tub2 be larger or  equal t o  the wall thickness, i,e., r I h. Then 
k X 1.74 can be used as a multiplication fac tor  for shear stress. 
In order t o  point out the approximate s i ze  of t h i s  stress the worst 
case condition of a 3 meter manipulator arm w i l l  be considered as an 
example. When 
V- 25 
D = l O c m  
h = .125 cm 
T = 60 newton-meters 
T 2 
7 = 1.74 - = 406 X f t m  (- 35c) psi)  2Ah Then 
which i s  small c-ared t o  the strength of aLuninum alloy, Furthermore. 
when t h i s  maximum shear stress occurs the bending stress is a t  its m i n i -  
mum level. 
c. 
c a l  t o  the  diameter of t h e  round tube, 
occupy 21% lore volum than the round tube. 
the FPTS system shows t h a t  the  square tube has advantages h stowage 
and the volume increase of the  arm does not in te r fe re  with the perform- 
ance of the FPTS. 
V o l u e t r i c  C o n s i d e r a t i z  - The width of the  square tube is identi- 
Therefore, the  square tube w i l l  
However investigation of 
d. 
t ha t  the design c a l l  outs, mountings, jointing, and manufacturing can 
more eas i ly  be achieved with square tubing, 
elbow, and wrist must be blended in to  the tubular portion of the  arm f o r  
good design practice, and t h i s  can be achieved with square tubing quite 
sat is f ac t or i ly . 
Design Considerations - Experience with both types of tubes irdicates 
D r i v e  assemblies at shoulder, 
The extruded square tube w i l l  be modified by an end mi l l  process. 
of the four sides of t he  tube must be cut t o  the required thickness. 
Compared t o  round tube, the square tube is much harder t o  f in i sh  on the 
inside. 
outdfde. However, angular orientation a d  synchronization of pin or  
screw holes a t  both ends of a square tube is an easier process. 
Each 
Therefore a l l  wall modifications w i l l  be done only on the 
Therefore, t he  square tubing i s  recommended for the arm segment portions 
of the manipulator arm. 
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2. Material Select ion 
Xaterials t o  be used i n  the construct ion of s t r u c t u r a l  and supporting 
elements require  t h e  evaluat ion of t h e  a n y  d i f f e r e n t  materials ava i l -  
able  i n  t5e commercial mzrket from the  following points  of view: 
Density ( P )  ; st rength (tension, ST, compression) ; f l exura l  r i g i d i t y  @) ; 
coe f f i c i en t  of thermal expans ion (C,) ; s i z e  (space consideration) ; cos t  ; 
and manufacturing technique avai lable .  
Table V-4 gives the  propert ies  and c h a r a c t e r i s t i c s  of candidate materials 
t o  be used i n  the design of t h e  FFTS manipulator arm. 
Table V-4 Propert ies  of Candidate Materials 
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a. 
as tubes can be b u i l t  by overwrapping marry layers  of epoxy/glastape 
which has interwoven high strength f i l m n t s  of boron or  graphite,  t o  
form the t h i n  wall  shape desired. Afterward a cure process bonds the  
assembly together. 
by crosswrapping in  45O direction. 
weight ra t io .  
Material Tradeoffs of Tubular Extension - Struc tura l  elements such 
The tube assembly can be given an  isotropic  s t rength 
This tube has good strength-to- 
Comparing the  coef f ic ien t  of thermal expansion for metals and epoxy 
composites, the su i tab le  combination would be a boron epoxy wrapover on 
t h i n  wall t i tanium tube. lhermal analysis  shows t h a t  under d i f f e r e n t i a l  
temperature condition the wrap is  larger for  boron epoq material than 
the  graphite epony. 
epary is t b  better choke  fo r  tubular s t ruc ture  as it is applied t o  
the  FFTS manipulator arm. The technique of making graphite epoxy s t  ! 
tu res  has been developed by Martin Marietta Corporation i n  connec+ 
with the  "Iunar Surface Drill" program. The Inckalloy material do. 
provide the superior stiffness-to-weight r a t i o  as does beryllium or 
graphite epoxy. 
t i n g  treatment for  minute stress cracks required. The poorest i n  per- 
formance aspects among candidate s t ruc tu ra l  materials fo r  constructing 
arm extensions is the  aluminum, However, it has other good character-  
istics. 
and the thermal s t a b i l i z a t i o n  of the  tube can occur very rapidly. 
fore ,  the graphite epoxy is recomended with an insulated alrrminum tub- 
ing as an alternate. 
Therefore, among epoxly materials the  graphite 
However, it can be machined qui te  eas i ly  with post cut-  
Besides its low price the aluminum has high thermal conductivity 
There- 
b. 
the  materials used f a  j o in t  housing. 
picture. 
precision parts. 
the  load carrying capabili ty.  
races of the bearings which are made out of steel material. 
a t  the thermal contraction o r  expansion aspects of the t i tanium material 
it looks most feas ib le  t o  use ti tanium for  housing and bracketry. 
Jo in t  H o u s i n g  Materials - A similar comparison could be made for  
However, other fac tors  enter the  
Epoxy composites are not w e l l  sui ted t o  the febr ica t ion  of 
Cutting through f i b e r s  wrapped f o r  s t rength may dera te  
The housing contains gears and the  outer 
IooMng 
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Although t i tanium i s  a poor hea t  conductor, i t  w i l l  cont rac t  and expand 
w i t h  about the same rate as steel, so t h a t  no considerable d i f f e r e n t i a l  
dimension accumulations can occur. Furthermore, the t i tanium has good 
s t rength  t o  weight r a t i o  and can be machined. 
c. 
motor-rotor under’ high temperature envirl 
material which has a high thermal conduct 
There are three  materials l i s t e d  i n  Table V-4 wnich has high thermal con- 
duc t iv i ty :  aluminum, beryllium and bcka l loy .  Bery l l ium looks the most 
des i r ab le  material, however, i ts f ab r i ca t ion  and cos t  w i l l  make i t s  
use questionable as w e l l  as hockalloy. Therefore,  t he  aluminum housing 
f o r  motors is the bes t  choice. 
Motor-Generator Housing - Due t o  t he  ‘ 1 hea t  rise problems of t he  
1. (200’F) one ,nust use a 
and high, thprmal capacity. 
d* 
pinions and gears is reduced t o  s t a i n l e s s  steel. S t a i n l e s s  st%el 440 
can be hardened and c u t  qu i te  rcu t ine ly  and no problems are foreseen 
during the  f ab r i ca t ion  of t h i s  steel. 
somewhat lower hardness requirements and therefore  17-4PH-H-900 type 
of s t a i n l e s s  steel  is recomnended, 
- Gears - From lub r i ca t ion  point of view, ;he choice of material fo r  
The gear materials will have 
A t  t h i s  point however one must mention the  p o s s i b i l i t y  of c u t t i n g  the  
gears  out of titanium. With an exce l l en t  lubr icant  ava i lab le ,  t he  
t i tanium gears not only make the j o i n t  weights l i g h t e r  but  t h e i r  load 
carrying capab i l i t y  is increased from the  contact  stress point  of view. 
The lubricant  a v a i h b l e  fo r  t h i s  i s  the  so-called “canadizing” R by 
Gene r a1 Magnap l a t  Cor yora t ion. 
Table V-5 sumnarizes the selected and possible  material f o r  FPTS man- 
ipu la tor  arm. 
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3. Deflection and Vibration Considerztions 
h analysis  of the manipulator def lect lon a:id ribrazion ch , i r sc t e r i s t i c s  
was cdnducted based upon the preliminary mass propert ies  of the manipu- 
la tor .  The a n c l l s i s  is contained i n  Appendix C and ind ica tes  the max- 
imum t i p  def lec t ion  of the arm under a 14.- N (10 l b )  load i s  Lt'ss 
than 0.84 cm (0.33 iu). 
The natural  frequencies of the manipulator ranged from 0.97 hz for the 
loaded arm (300 l b  module) t o  3.9 hz for  the  unloaded arm. It was 
noted in Appendix C t h a t  i n  order t o  increase the na tu ra l  frequency t o  
6 hz, such t h a t  operator command i n p t s  w i l l  no t  exc i t e  resonance, the 
arm must be made about 39 tiws as s t i f f ,  ail unattracti .ve solution. 
However, the manipulator a m  is backdriveable. Therefore, when the  
t i p  force exceeds some nominal value such t h a t  the j o i n t s  backdrive, 
k i n e t i c  energy of t he  system w i l l  be absorbed and the vibra t ions  re- 
duced. As d r e s u l t  of t h i s  arm c h a r a c t e r i s t i c ,  it is recotnuended a 
more complete analys's be car r led  out r a the r  than attempting t o  ex- 
cessively stiffen the  arm, 
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Motors -- 
An analysis vas conducted on m o t ~ ~ ~  for  application t o  the FFTS manipu- 
la tor  system. This analysis, contained in Appendix D, establishes the 
selection of permanent magnet dc torquers. 
Both the brush and brushless techniques =re considered t o  mveal the 
advantages d disadvantages of both methods. The priasrp reason for 
developrnent of the brushless approach was t o  relieve the problea of 
f i n i t e  brush l i fe .  
w i g h t  and electronic complexity, 
The price paid for brush reroval is added system 
The following considerations reveal tbe reasoning behind the initial 
selection of brush type torque motors, 
Brush LLfe 
Two principle factors governing brush duration are the type of lubri- 
cation used a d  the t o t a l  linear dFstance the camxatator travels d e r  
the brush. 
lubricant disintegrate a t  a 10 
mosphere) while those operating i n  a dry condition deter ia te  at a 
3 
faster ld9 ap / i n  rate &ard vacurm). For a continuous rotat ion 
application, such as a rooraentum wheel, long life operation (5-20 years) 
is prevented by eventual brush failure. For the FPTS manipulator, cop- 
tinuous high speed operation does not occur and the mission l i fe t -  is 
comparatively short (100 brs), Lacking specific total motor revolution 
figures, consider the  fo! lowing as a plausible worst case condition. 
Suppose the manipulator shoulder pitch gimbal rotated continuously at 
0.2 radfsec for 25 hours. 
50:l gear r a t i o ,  t h e  t o t a l  linear distance (Sc) traveled by the c0lll~1- 
ta tor  is: 
A v e r a g e  wear statistics reveal brushes subjected t o  a w e t  
an /in rate (oil  vapor pressure at- -12 3 
Assuming a 3.5 inch diameter motor and a 
6 ) (50) - 1.58 x 10 incb, 3-5 inches 2 S = (0.2 radfsec)( 3600 hr sec)(2f hrs) f C 
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-6 3 3 givtng rise t o  1.58 x 10 an and 1.58 x ld3 cn~  deteriation for W t  
and dry lubricated comnutators, respectively. Assuming a 30 x l f3  cm 
brush volume (appropriate for a 120 in-oz dc torquer), f x 
5% of t o t a l  brush volute is used for the w e t  and dry lubricated situations. 
3 
and 
Although these estimated brush life values represent only a plausible 
ar-nt, they do indicate the feasibi l i ty  of using brush co ru ta t ion  
for the manipulator gimbal actuators. 
Temperature 
The snvirancPent temperature ef&cts upon the actuator assembly and the 
m t o r  *=rated b a t  transfer into tbe housing structure aUIt be con- 
sidered in the motor type selection, 
t o  functionally operate in a f 200% envir-nt, is mt seriously 
restr ic ted by the large temperature variations. 
and rotor assemblies of the brushless design likewise can w i t h s t a d  
the temperature extremes, the associated switching and carutat ion 
electronics must be temperature protected, 
require the electronics for  a l l  gimbals t o  be placed in the f ree  flyer,  
or clse incorporate heaters in each actuator housing, 
The brush type torqter, designed 
Although the armature 
Ihis protection vould 
In contrast t o  the disadvantage of the brushless torquer electronics, 
the inverted design does f ac i l i t a t e  heat transfer f r a  the statlonary 
annature t o  the support structure. 
heat i n  the brush torquer is more d i f f i cu l t  in that the m t u r e  rotates 
and thus a shaft and bearings form the conduction path to  the housing 
structure , 
Dissipation of armature pr-d 
Although generated RFI/EMI brush noise is eliminated w i t h  P brushless 
torquer, switching transients are introduced i f  a square wave drive is 
utilized. 
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Shaft Power 
Carutation problers in a brush =tor l i m i t  the allwaLle shaft pavei 
t o  approrirately one-fourth the rukr input m r .  This limitation 
is relieved with a brushkss desSgn, permitting a larger shaft pcrver 
t o  m a x i u ~  input prrwer ra t io  - the ra t io  magnitude being limited by 
the sw€tchiag electronics. 
Wires -
Since the urnfpulator has articulated gimbals, the rLre raatipg t o  the! 
LGRr actuators presents a forridable challenge when t k  wire count 
beoopes large. 
from six t o  thirty conductors are required for a brushlesr t0-r ff 
t k  switching ebctroaics are remved f r a  the -tor vicinity, 
whereas tu0 v i r e s  are pecded to activate a b e  rotm, 
Baaed upon the above a d v a n m u  ami disadvanLypes of the trro -tor 
types, and considcriq system corplexity and cost, the b d ,  per- 
=nt m t ,  dc torp\or with a dry  lubricant* was in i th l ly  selected 
for the manipulator gimbal actuators. 
Table V-6 8\pa]tizes tbe actuator Ittput/Output Criteria eutablisbed 
t o  date. 
- 
*Note: Later analysis identified a solid lubricant as preferable 
oyer the dry type, 
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Jo in t  Drive (Gear System) Select ion Considerations 
There are numerous points of view and considerations when one tries t o  
select the r igh t  gear system for  a spec i f i c  application. Li the  case of 
the  manipulator arm the idea l  s i t ua t ion  wauld be to  have no gears at a l l  
but t o  use only the dc torquers t o  do angular displacements of the  arm 
segments which would increase the weight of the ann 15-20 fold and would 
be an impractical t o o l  for space application. A drive assembly cons is t s  
of a motor and a gear t r a i n  and for  a specif ied torque output, 
w i l l  have an optiaum gear r a t i o  range. 
ing the preliminary candidate design, under a 25:l gear r a t i o  the motor 
weight s t a r t s  t o  be the  dominant w e i g h t  factor.  
supporting s t ruc ture  s t a r t s  t o  dominate the  weight of the drive assembly. 
As a rule of thumb and consider- 
Above 150:l the gear- 
a. 
one can t ransfer  motion and force (torque) from one machine element 
t o  the other (i.e., from an electric motor t o  L manipulator arm), in- 
cluding belt drives,  f r i c t i o n  drives,  linkages, cans and a l l  elements 
which have constrained motions. 
L i d t a t i o n s  and Characteristics of Gears - There are numerous ways 
Each df the  above machine elements has its awn merits with respect t o  
any characterized application, 
i f i c  velocity,  acceleration, forward and bacha rd  motion of the  system, 
and a high degree of control lable  angular accuracy, the choice w i l l  be 
a Gar t ra in .  
supplied t o  them i n t o  a logical  predetermined ro t a t ion  and twist ing moment 
(torque). 
were considered for the manipulator arm jo in ts .  
W k n  the  requirements c a l l  fo r  a spec- 
Their najor function i s  t o  alter the mechanical work 
Therefore, g e a r s  and gear t r a i n s  as power transmitt ing devices 
The individual gear  meshes must be provided with backlash i n  order t o  
provide a smooth driving condition for the gear system, based upon 
the t h e m 4  variations anticipated i n  the space environment, 
amount of backlash depends not only on the design and manufacturing 
conditions, but on environmental conditions as well, 
The 
The sources of 
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backlash from the points of view of design and manufacturing are fixed 
magnitude (e.g., tooth s i ze  of gear, ac tua l  center distance with respect 
t o  ideal, shaf t s  and bearings rad ia l  clearances) and variable magnitude 
(e.g., the t o t a l  composite e r ror  i n  gear, b a i l  bearings eccent r ic i ty ,  
shaf t s  run outs,  and eccent r ic i ty  between gear bore and shaf t  diameter). 
One additional area t o  *be considered in the actuator j o in t  design is 
backdrivability. 
Under normal operating conditions, the  load-carrying manipulator am 
w i l l  be controlled by the torque motors located i n  the joints. When 
f a i lu re  occurs with use of a non-backdriving gear system and the  elec- 
t r ic  current supply ceases t o  function, che motor w i l l  s ta l l  and be 
unable t o  execute a gradual stop. The forces created by the sudden 
deceleration w i l l  exer t  a very high impact load on the  gears and the 
manipulator structure as i l l u s t r a t e d  i n  Fig. V-18. However, i f  the 
j o i n t s  are backdrivable, f r i c t i o n  brakes can be incorporated which 
engage when deenergized and gradually s top  the  ma8s motion. 31he system 
w i l l  st2y safa  and no hazard can occur t o  surrounding objects or  t o  t h e  
s t ruc ture  of: t h ~  manipulator i t s e l f .  
cities for a 300'lb object under various s t i f f n e s s  conditions of the 
manipulator arm. The k ine t i c  energy of the load and manipulator arm 
was equated wjth the s t r a i n  energy of t he  arm. 
s t i f f e r  the arm, the higher the load w i l l  be on the  gear teeth. 
fore,  t h i s  manipulator a r m  Wouid beconre large and heavy i n  s i ze  and 
would be an impractical space tctol. 
t ha t  it is mandatory t o  have a sound gear system f r ee  of Cogging and 
breekage poss ib i l i t i es ,  
Fig. V - i 8  indicates the safe  velo- 
It can be seen tha t  the 
lhere- 
It 3811 also be concluded here 
b. 
lined gear t r a i n  requirements: 
Gear Train Requirements of FKFS - The following is  a l i s t  of base- 
High consLstent efficiency e i t h e r  as speed reducer or as a 
speed increaser (backdr ive) . 
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Minimum backlash (control and accuracy requireuent). 
Light and compact design. 
Minimum o r  no windup between input and output shafts,  caused 
by bearing deflection, shaf t  torsion, tooth deflection, etc. 
(accuracy and control requirement). 
Able t o  contract and expand under extreme;: of temperatures, 
Gears and bearings must be Permanently lubricated. 
Materia 1 se l ec t  ion: - Minimize outgassing 
- Avoid stress and surface corrosion, 
c. 
fo r  the manipulator actuator. 
Gear Designs Considered - The following gear systems were considered 
(1) Dual Gear Train with Spring Loaded D r i v e  Pinion - The classic 
way t o  eliminate backlash, and it is a simple concept. 
independent gear reduction paths drive one in te rna l  r ing gear 
frm a spring loaded pinion. 
shwn i n  Fig. V-19. 
i t 8  major drawback. 
other t r a i n  forces against the reverse side of the involute 
gear teeth. An ext ra  amount of s l i d ing  f r i c t i o n  is created 
and it adds t o  the power losses of the  j o h t .  
efficiency of t h i s  system is about 50%. 
Tu0 
A single motor is required as 
The low efficiency of t h i s  system is 
While o m  gear t r a i n  is  driving, the 
The estimated 
Dual Gear !hain with Independent M t o r s  - Same as a h ,  but 
each of the two gear paths has separate drive motors as shown 
in Fig. V-20, One motor drives i n  one di rec t ion  while the 
other motor gives way t o  the motion holding a predetermined 
s ta l l  t o r q d  i n  the other direction (reverse side of the 
tooth). 
d i t ions  of the  motors are reversed. 
add t o  the power losses of the gear t r a tn ,  and the efficiency 
of t h i s  system is a l so  law (dependent on the s ta l l  torque 
setting). 
For the reverse motion of the output gear, the con- 
The stall torque w i l l  
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Figure V-19 Dual Gear Train with Spring Loaded Pidon 
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Figure V-20 Dual Gear Train with Two independent Motor Drives 
V-41 
(3) External Gear System - Due t o  the f a c t  t h a t  the manufacture 
of external gears is soaewhat less expensive than the  in te rna l  
one, an external gear system, shown i n  Fig, V-21, was a l so  
considered. An external gear could be ueed i n  both of the 
two systems mentioned above. The disadvantages lie mainly 
with its awkwardness as a j o in t  and the tors iona l  problems 
fo r  the so l id  t h i n  shaft. 
thereby the jo in t  w i l l  weigh more than the equ ivahn t  system 
with an ir.terna1 ring gear. 
be about the same as (1) and (2) previously discussed. 
The gear housing w i l l  be larger; 
The efficiency is  e-timated t o  
Figure V-21 External Ring Gear System (Phase Adjusted) 
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(4) Differen t ia l  Planetary Drive - This planetary &>ar speed reduccr 
provides a large gear ratio.  
siderably less than the f i r s t  three systems. 
i n  Fig. V-22, u t i l i z e s  two in te rna l  (external) r ing  gears of 
the same pitch diameters. One of the two r ing  gears has one 
tooth l e s s  for maximum r a t io ,  and consequently i ts  diameteral 
pitch w i l l  be a f rac t ion  later. 
the a a m  way as the f u l l  standard diameteral pitch gears. 
revolution of the  motor shaft  which carries the planet gears 
therefore. makes the r ing  gears move relative t o  each other by 
an angular motion of the s i ze  of one tooth. The respective 
planet gears have an ident ica l  number of teeth,  and t h e i r  
diameteral pitches match those of the r ing  gears. 
higher capacity of the system, a number of planet gears may 
be used. Jnder standard efficiency range condition t h i s  gear 
t r a i n  cannot be used as a speed increaser, 
anism w i l l  prevent power flaw from the manipulator t o  the 
brake. Its mer!t lies i n  i t s  single nresh high reduction cap- 
a b i l i t y ,  load carrying capacity, compactness and i t s  l ight-  
weight design, 
The number of components is con- 
This system, shown 
These gears can be manufactured 
Every  
For a 
That i s ,  the mech- 
(5) Harmonic Drive - A fixed in te rna l  output r ing  gear -shes with 
the external teeth of a th in  f lex ib le  inner ring of smaller 
pitch diameter than the r ig id  gear as shown i n  Fig. V-23. 
Inside these two gears, a wave generator ro ta tes  and meahes 
the two gears a t  two or  more places. 
speed r a t io s  and high torque capacities. 
(speed increaser) with low efficienc;v and has a high tors iona l  
windup. D u e  t o  its strong teeth-to-teeth meshing characteris- 
t i c s ,  the harmonic drive is a dcubtful performer under t h e  
extreme environmental conditions of space. 
The drive permits high 
It backdrives 
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Figure V-22 Differential Planetary Drive 
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Figure V-23 Harmonic Drive 
(6) Planocentric Train - A fixed in t e rna l  r ing  gear meshing wich 
an eccentrical-ly mounted external-tootk -gear, which is only 
s l igh t ly  smaller, is i l l u s t r a t ed  i n  Fig, V-24, The input is 
t o  the eccentr ic  shaf t ,  and the  output i s  taken fro- the pinion 
through a pin coupling which permits r ad ia l  d i sp l a  ;mente 
s ingle  mesh high reduction ratio can be obtairred, Hawever, t h i s  
system cannot be used as a speed increaser. 
A 
Figure V-24 Planocentric Gear Fai r  
(7) Nutation D r i v e  - A nutating member carries cam rollers on its 
periphery and causes a d i f f e r e n t i a l  ro ta t ion  between the  three 
major components of the drive: 
This drive,  shown i n  Fig, V-25, has high speed reducer e f f i c i e m y ,  
but it is unable t o  perform as a high eff ic iency speed increaser. 
It is new on the market, and the  pr ice  of development of various 
sizes for  the  manipulator application could be prohibi t ively high. 
Furthermore, this drive is also a marginal performance as a 
speed increaser.  
stator, nutator,  and rotor. 
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Figure V-25 Exploded View o f  t b e  nttation Driwe 
(8) Dual Gear Train, Out of Phase System - !Chis could be called 
a campromise design, which all-s sope p r e i e t e r m i d  backlad 
sufficiently enough t o  avoid cogging d e r  emrirarmntal cm- 
ditiints and allows the system to  operate at hi@ efficieocy 
either as speed increuer or speed reducler. 
Although t h i s  drive uses seoeral gears and ctmptnmnts, as 
shown in Fig. V-26, it 
t h i s  drive w i l l  f u l f i l l  a l l  tbe critical requirements rrccssarg 
t o  build a re l iable  manipulator arm joint. 
irpportant to point out here that 
This Gear t r a in  is rather sensitiw to asserbly procetdures, 
as far a8 care and caution is corrcemed. 
gear of one of the two paths QIst be custorized for  each joint. 
The desired backlash at the output pinion should be shfppled a d  
then the out of phase rrunting of gears can ‘be accomplished, 
A t  no backlash th i s  gear t r a in  w i l l  not operate efficiently,  
Cogging and tightening occur. Therefore, a bu i l t  5.n backlash 
is mandatory for t h i s  system. 
!Che m m t i n g  of o m  
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Figure V-26 Dual Gear Train Out of Phase In&emal Outplt Gear S y s t a  
Based up03 the preceding discussion, tb dual branch gear t ra in ,  oat 
of phase system was i n i t i a l ly  selected, 
VII, Preliminary Design, t h i s  w a s  later d i f i e d  t o  four brancbs). 
(pote: As discussed in Section 
Mditionally, based upon previous related uork contaimd in Ref. 7, the 
desirable gear ra t ios  lie in the range of from 25:l t o  50:l. 
Iubrication Considerations 
Before one can continue with the design of the gear train, the problems 
that  various lubricants encounter m3er severe ewirollmental conditions 
must be considered, 
used i n  a space envirolamenr is the  major factor affecting the design 
of the uechanism, The ambient conditions are: 
Providing zffective lubrication for aechanisnu3 
v-4 7 
Temperature: -1OOOF t o  +2zKlOF 
Pressure: Torr 
These ambient conditions rule out any larcrwn w e t  lubricants, petroleu 
base oi l s ,  or m a d e  lubricants of other chemical formxlation, pr-ily 
because of the vide temperature range d the long storage and vork life 
requirerent expected for the FFTS manipulator arm. 
can perform sat isfactor i ly  in the spa= emirorrent  but W a limited 
Dry film lubricants 
life capability &e. nos,, etc,). 
S- it is recognized that the uet f i l m  
lubrication, less f r ic t ion  snd wear, and 
cants, one possible way to  use these mzt 
lubricants providt superior 
longer l i f e  tban other lubrl- 
lubrfcants is t o  aahmin tb 
chamber at a mininm~ of -LOOOF terpperature, provide a maled ipreemxized) 
emirorrent for the rechanissrs, and have a lubricartt reservoir  ut t o  
the s a r s  arai bearing. 
material, vatu- impregnated with oil and placed adjacent to  t b  areas 
requiring lubrication, llag be a satisfactory solution for long-life lub- 
rication. 
type -tal b a l l  retainers enshrouded by a plastic sponge material. 
e a r s ,  F-50 lubricant would be the recolpn&d choice. T k s e  a d  s ~ t  
other candidate lubricants are stnmarized i n  Table V-7. 
A ring shaped of porous phenolic or uy&int 
SKF has a resemoir scheme -d "poly oil" that uses ribbon 
For 
A l l  the above lubrication scheues w i l l  either be used as short llfe 
lubricants (like dry films) or the uet lubricants w h i c h  are the long 
life variety that would require not only elaborate design but extra pwer 
t o  maintain pour point temperatures because of their high -tic 
viscosities. 
ertrenely high s t ic t ion  on gears and bearings. 
At the pour point temperature, these lubricants c&i cause 
The above reasoning has led t o  the decision to eliminate dry or w e t  
lubricants from consideration i n  th i s  manipulator arm design. 
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Table V-7 Cand.idate Liquid Lubricants 
JI;SLCIL\- 
r io3 
VERSILUBE 
F-jO* 
- 
A E R O S l E U  
17- 
22- 
ItRYt(u 
143 A; 
t 
NPT6 
, 
.LMNU- 
FACTl: K 3 
k r e r a l  
Electric 
Company 
Shell Oil 
Company 
duPont 
Corpora- 
t ion 
- 
Bray O i l  
Coapany 
C W I C A L  
DESCRIPTION 
F l u i d  - Chlorophenyl - 
Hetnyl Polysilaane 
Fluid - Diester 
Fluid - Synthetic Hydro- 
carbon (nIL-G-8132U) 
(MIL-G-21164C) 
Per€luoralkyl Polyether 
Yynthezic Esther Base O i l  
1 I 
VISCOSITY, 
CE.WZSTOKES 
P.P. a POUR pO1N-l 
1 J 302OF. 1 a t m .  I 
24 hr. I 
_____I 
.87. 9 21OoF,1 atm.22 h j  
1 ! 125OF 
I 
1 
P.P. -1OOOF 
2500 Ck d -65OF 
&-5 Ck ? 4OOF 
PP-100 3.1 d 210 
1 PP-85. 7 . 7  ,d 210 
197. ,d 300'F.atm. 
6 . 5  hr. 
PP &loV -80°F 
26900 .? -65'~ 
4.4 P 210 
NOTES: * In grease form designated G-300. 
** Uarketed as a grease. 
The imposed emrirormrental condition a d  design requirements therefore  
d i c t a t e  the  use and consideration o f  so l id  lubricants. 
the most promise i n  this  application. After a thorough evaluation 
of several comnercially avai lable  so l id  lubricants ,  the "H1-T' lubricant  
by General Magnaplate was selected as a cardidate*, 
has the following features which other lubricants  do not possess: 
They provide 
The H1-T lubricant  
. . Insens i t iv i ty  to  high loading a t  extreme temperatures Rapid d iss ipa t ion  of surface temperatures from pressure 
contact ,reas 
* Information was obtained v i a  telephone conversations with Dr. Charles 
P, Covino, Res iden t  of General Magnaplate Corp, 
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. Good adherence t o  base metal irrespective of temperature and 
envirounental changes 
hng life under extreme operating conditions of sl iding and 
rol l ing f r ic t ion  
. 
. Compatibility with most chemicals, o i l ,  gases and metals . Self healing into an integral  part  of the bearing surface 
by heat and pressure 
However, the two most important properties of H1-T lubricant which 
encouraged its selection are: 
psi contact stresses for long life cycle, and (2) normally functions 
within the -200OF t o  +20ooF temperature range. 
(1) Can be operated at or up t o  140,000 
Good surface f inish a d  surface hardness on the bearings ami gears on 
which the H1-T lubricant is t o  be aeposited vi11 improve the lubricants, 
and consequently the manipulator arms' life considerably (Ref. 16 a d  
1710 
Additional Actuator Compone nts 
a* - Brakes - Due t o  the design of the motor/gear t r a i n  assembly, which 
is easily backdriven, a fail-safe brake i s  required i n  each motor/gear 
t ra in  assembly. 
manipulator i n  any given configuration with little or no p e r  consumption. 
The brake may also be used t o  hold a single DOF i n  position upon command 
by t h e  operator or by incorporation of brake control logic i n  the control 
laws such that  the brake is automatically applied. 
The primary function of t h i s  brake is t o  hold the 
Electric brakes are available i n  four basic types: 
requirins power applied to  engage; eddy-current, which cannot be operated 
at zerg torque; hysteresis, requiring power applied t o  engage; and 
friccion which is capable of performing a fail-safe function by being 
engaged with no power applied, and is completely disengaged when 
energized . 
magnetic-particle, 
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The most widely used e l e c t r i c  brake i s  the electromegnetic f r ic t ion-d isc  
type,  i n  which a f r i c t i o n  w,it can be e l e c t r i c a l l y  engaged o r  d i s -  
engaged. These are normally use6 for  on-off operation. For var iable  
torque retar3ing, as i n  rensioning applications,  pure-electr ical  
brakes (magnetic particle, hysteresis ,  or  eddy-current) are normally 
used. 
for  use on the manipulator due t o  its fa i l - sa fe  charac te r i s t ics  as w e l l  
as its simplici ty  of operation and on-off operation. 
The electromagnetic fr ic t ion-disc  type brake is recommended 
The electromagnetic f r i c t i o n  brakes are normally used t o  provide near 
maximum torque i n  milliseconds from high speed, 
drag when disengaged and develop max-imum torque at zero speed. 
f r i c t i o r - d i s c  brakes are subject t o  lixiing wear, when they are properly 
applied within t h e i r  thermal capacity and stopping time, 2.5 millfon 
o r  more stops can be at ta ined on a set of l inings,  
They have no res idua l  
Although 
Diac brakes are abai lable  i n  three basic types. 
is engaged e lec t r ica l ly .  Stopping i s  accomplished bp energizing a 
s ta t ionary,  friction-faced, magr#?tic coil  t ha t  a t t r a c t s  a rotating 
armature disc. In the other type, the brake is spring-engaged and 
magnetically released. 
the  brake hub, wzlich i s  r ig id ly  mounted to  the motor shaft .  
magnet c o i l  is deenergized, the spring loaded pressure p l a t e  presses 
against  the  ro ta t ing  f r i c t i o n  discs. 
fa i l - sa fe ;  if pa re r  f a i l s ,  the  brake w i l l  set autcmatically u n t i l  power 
is restored. A t h i rd  type of d i sc  brake which is not readi ly  avai lable  
but which could be implearPnted on the  manipulator u t i l i z e s  a ra tche t  
system t o  engage and disengage the brdce. 
e lec t ronics  t o  produce a fa i l - sa fe  feature  due t o  its ratchet ac t ion  
which requires a pulse t o  change i t s  state from e i t h e r  engaged t o  dis -  
engaged or  disengaged t o  engaged. The major advantage of this t y w  of 
brake is tc! minimize power consumption at  the  cos t  of a less f a i l - s a fe  
system, 
I n  one type t5e brake 
Fr ic t ion  d iscs  within the brake r e v o h  with 
When the 
This type of brake is inherently 
This brake requires  external 
Two of three f r ic t ion  disc  brakes mentioned above meet the basic f a i l -  
safe requirements: 
The most fail-safe of these two is the spring engaged, huuever, th i s  
unit requires continuous pawer applicatirn t o  disengage the brake. 
Ziis disadvantage has been demonstrated i n  MMA labs 
taking advantage of an inherent feature of t h i s  brake. 
once the brake is disengaged the power t o  hold the brake d i o e n g e d  
mag be reduced. 
which meet the requirements for manipulator application have shown that  
the power required t o  hold the brake disengaged is  l/lOth the factory 
rated power consumption. 
actuate the brake i s  0.25 watt-sec at 24 volts. 
hold actuation. is 0.7 watts for the largest brake and 0.4 watts for the 
smaller brakes. 
quired maximm t i p  force which the motor exerts. 
the spring engaged brake and the ratchetting brake. 
t o  be small by 
N e l y ,  that  
Tests performd by MMA on t y p i c a l  brakes of t h i s  type 
Typically the amount of power necessary t o  
The power needed t o  
The magnitude of t h i s  brake w i l l  be sized t o  the re- 
b, 
of the manipulator is t o  produce an e lec t r ica l  signal proportional t o  
the angular position of each DOP. 
indicate t o  the operator, v ia  visual readouts, the different joint  angles, 
or may be used i n  control l a w s  for  closed loop position wnt ro l ,  or 
derived rate  control by differentiating t h i s  signal. The three differ-  
ent possible uses require different position sensor requirements. How- 
ever, i n  general the closed loop poaition and derived rate control have 
comparable resolution and l inearity requirements. 
Position Sensors - The function of the position sensor on each DOF 
This signal may be used srplply t o  
Potentiometers w i l l  be used for this application. 
are available, the resistance potentiometer is the most versatile a d  
widely used. 
or w i l l  use antibacklash g e a r s  for precise positioning capabilities. 
Of the types that  
They w i l l  e i ther  be directly connected t o  the output shaft  
c. Rate Sensors - The variety cf speed-measuring devices i s  endless, 
and possibly in specialized conSrol applications very unusual 2echniqueu 
may be found. Hasever, t h i s  coverage w i l l  be limited t o  those techniques 
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t ha t  have found more or  less cotunon usage in  control  systems. 
l imi ta t ion  i s  established by accuracy requirements and ease with which 
the output s igna l  can be converted t o  a usable form. 
This 
The types of speed-measuring devices most comnonly used i n  control  
systems are given below: 
. Tachometers - These devices obtain reasonably good accuracy, 
but suf fe r  somewhat from r e l i a b i l i t y .  
Advantages: Freedom from waveform and phase-shift problems, 
absence of res idual  output a t  zero speed, very high gradients 
i n  small size (0.2 t o  85 volts / rad/sec) ,  and can be used with 
high-pass output f i l t e r s  t o  reduce servo veloci ty  lags. 
DisadvantaRes - Brush problems, generation of radio noise, 
output r ipp le ,  and s l i g h t l y  higher torque requiremedts due 
t o  brush f r i c t i o n  and hys te res i s  e f fec ts .  
. Operation Ci rcu i t s  - The outpLt of these devices i s  the 
analog computed ra te ,  derived from pos i t ion  data ,  and is  
only a close approximation t o  a l inear  relationship.  h e y  
are useful primarily i n  rough computation problems, and fo r  
der ivat ive s tab  i 1 izat ion, 
Advantages: 
electro-mechanical sensors other  than a potentiometer. 
Reduction i n  system s i z e  and weight and no extra 
Disadvantages: 
r e s t r i c t ed  t o  d i f f e ren t i a t ion  c i rcu i t s .  
External e lec t ronics  required and accuracy 
. Bridge C i rcu i t s  - DC bridge c i r c u i t s  measure the  'motor counter 
emf which is d i r ec t ly  proportional t o  speed f o r  constant f i e l d  
exc i ta t ion  and temperature. This approach i s  p rac t i ca l  and 
widely used. However, there  is poor accuracy a t  low speeds 
v-53 
and near s ta l l  torques. 
Advantages: 
no extra electro-mechanical sensors other than a potentiometer. 
Simplicity, reduction in system s i z e  and weight, and 
Disadvantages : 
sitive, and poor accuracy at lower speeds. 
External electronics required, temperature sen- 
As the rate sensor i s  to  be used in the control system, the prelimin- 
selection is given to the use of tachometers. 
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VI. MAN-IN-THE-LOOP SIMULATIONS 
Man-in-the-loop simulations were conducted. The purpose of the 
simulations was four-fold: (1) evaluate the comparative merits 
of unilateral rate and bilateral position control, (2) determine 
the functional capabilities of the newly fabricated manipulator 
arm, (3) examine the operational capabilities of the newly constructed 
nongeometric bilateral controller, and (4) investigate the usefulness 
and workability of the data displays and operator controllable 
functions incorporated in the operator's control console. 
A complete description of the simulation program and the hardware 
implemented is contained in Appendix E. Briefly, from the information 
gained during the simla t ion, the range/azimth/elevat ion/ro tat ion 
rate control technique was found t o  be the most versatile and 
simplest method for manipulator control. Therefore, this technique 
was baselined for the preliminary design phase of this study. 
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VII. PREI3MINARY DESIGN 
The preliminary design was based upon both the detailed requirements 
analysis and trade studies, contained i n  Section V, and the r e s u l t s  
and r e c m n d a t i o n s  of the man-in-the-loop siatulations, suannarized 
i n  Seccion V I  and detailed i n  Appendix E. 
The preliminary design drawings for  the FFTS manipulator system are 
shown i n  Figs. VII-1 through VIf-7. 
the  de ta i led  aspects leading t o  t h i s  preliminary design, 
The following paragraphs discuss 
1, Gear Desinn 
As indicated i n  Section V, the design of the  gears (ana bearings) are 
highly influenced by the  selected lubrication scheme, 
lubr 
able range a four branch system, ra ther  than the dual, was required. 
Furthermore, the  previously predicted gear train r a t i o s  were reduced t o  
a range of 25:l t o  50:l as the pinion diameters must be increased, 
Using the  so l id  
ant, it was found that t o  provide stress levels within the  allow- 
a. 
becanes more complex when the  consideration of low contact stresses 
are added. 
the sens i t ive  properties were noted. I n  order to  ge t  low load per gear 
mesh, the load carrying pintons were doubled up by the  introduction of 
two more gear branches in to  the candidate "out of phase" type of design. 
Additionally, the face width of the  gear and the pinion diameter pro- 
duct were maximized by the increase of gear face width t o  the  maximum 
permissible leve l  allowed for good quality gears. 
a l so  increased t o  i t s  maximum level. Aa a ru l e  of thmb the  12 t ee th  
pinions were selected as a minimum, using the lasest diameteral p i tch  
gears whenever possible. 
Gear Train - The normal i t e r a t i o n  method of gear train design 
The equation for contact stresses was investigated and 
The pinion size was 
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where : 
EL = mhalus of e l a s t i c i t y  of the pitdon (30 x IO6 p s i )  
E2 = modulus of e l a s t i c i t y  of the  gear (30 x 10 p s i )  
fl = normal pressure angle (Z@*) 
W 
F - Zace width i n  inches 
d = the p i t c h  diameter of the pinion 
m = gear t o  pinion ratio 
6 
= tangent ia l  dr iving pressure i n  pounds. 
G 
Substi tuting the  abova numbers for steel e a r s  and pinione, the ct+?- 
tact stress formula simplif ies  to: 
This formula was used i n  the gear design. 
b. 
"planetary" gear system a t  the outpt t ,  but the gear t r a i n  acts as a 
simple spur gear reduction which hap high eff ic iency,  e i the r  as a 
speed reducer or  as a speed tncreaser. 
t o  the  control system backlash requirements. 
Sample Gear Train Desim - The four branch gear t r a i n  acts like a 
Furthermore, it can be adiusted 
After E number of i t e r a t ion  st .sZC, the f i n a l  empirical  calculaticn 
procedure for  the manipulator elbow drive is shown in Fig, VII-8. 
Note t h a t  both s t resses  are within t o h r a b l e  l imi t s  ( < la0,000 psi ) ,  
Therefore, the  f i r s t  mesh is acceptable. The procedures .J calcul&a 
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T T = torque mtput or inptt of rinr gear 
dl- pitch d+a&ter of p i n i m  
49 f t - lb 
pitch diaumter o f  i-terasl. ring gear %= 
F t f F t  Mesh Ratio: 
, 4 9 / 2 . m  4.a ft-lb 
5.23 x .9f 
= . i12/2 = 143 lbs 86 l2 
Beading Stress on P i n i o n  Tooth (Ref. 18) 
uhe re : 
r T 
CP =a=-- .I% and DO 16 
y - .MI3 for 3;' P.A. 13 teeth  
"G + L., 
Contact Stress = Sc 
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the zext two meshes are similar. 
f o l b i n g  gear retioo are incor!mrateJ into the pre1.Mnary design: 
& A resul t  o f  these calculations, the 
c, Senter D i s t a n c e  Consiberrations - Due t o  the swere space emiron- 
mental conditione and C h e  resulting differential thernal expausion of 
ti& gear hmsing with respcr to  the gear center, the center distances 
mst be set rrlooser' t a  prevent cogging a& lock up of the gears. The 
worst cape corGition occurs whzn the g e s  shaft housing structure is 
heated up and the outer shell and ring gear are at a cold tmprrature 
condition, Themefore, the center distance, C mu32 be set. at: 
I)' 
- &eD - + c p  x CT Center fiistance Iocreaze 
where : 
CT = coefffcient of linear thermal expanston 
AT :+ aaxinatm temperature di f ferent ia l  utpected 
Care must be exercised d u r i n g  the d e t a i l  des- phase a d  the ?naterlai 
select!.ou sbould be nade vith careful considerations of thiadCD. 
d. 
the gear8 was "Hi-T". 
during the manipulator detailsd desiga phase, it  58 reixmmnaed ut this 
tiroe the thickness should be In thc 0.oOOl" to 0,0005r'raqe for best 
results. 
well below thr! 140,000 ps: "safe" operational region of thlb Lubricaot. 
1hhrication - As discussed in SectLon V, the lubricant se?ected for 
While the lthricant thickness m z t  be establis'oed 
Note that the contact stress levels of the gear trains were 
e. s\trJmarlL - Table VII-1 presents E srriarary of the joiut  gear designs, 
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Motor Selection 
Prior t o  the selection of a motor, typical catalog motors wers aL'yzed 
to establish an approximate "state-of -the-art" motor weight characteristic. 
It was found, as a rule of thumb for the  larger diameter motors, Le. 
5 7.6 cm (3"), tha t  the motor weight in  pounds is nmmdcally equal 
t o  the motor peak torque in  ft-lbs. 
basis for es t iw ted  weights prior t o  the selection of a specif ic  -tor, 
This relationshfp provided a 
In  addition, it should be recognized t h a t  any optimization of motors 
based upon the gear r a t i o  is s-what superficial  as the unloaded arm 
presents -rtia loads of a t  least an order of magnitude greater than 
the reflected w t o r  inertia. 
a. 
actuators was based upon the following considerations: 
Shoulder Yaw and Pitch Actuators - The selection of the shoulder 
Gear Ratio, N: I50:l  
Output Torque, 5: 90 f t - lbs  (at 0 - 0.2 rad/sec) 
The minimum -tor torque required, as. -.% 90% efficiency, is given by: 
Input Torque, T i = To/O. 9 N = 384 oz-in 
The speed t o r q e  product is equivalent t o  24.5 watts. Therefore, 
Shaft R o w e r ,  Ps: 24.5 w a t t s  
and the required motor rating is 109 watts. 
is approximately 25 radjsec with a 50:1 gear ratic. 
The desired no load speed 
The physical characterist ics of the motor, based apon the manipulktor 
size requirements, are: 
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Outside D i e t e r ,  O.D* = ,< 15.2 cm (6 in) 
Inside D i e t e r ,  I.D* = > 5.1 cm (2 in) 
Weight: ,< 1.36 kg (3 lbs) 
For comparative purposes, typical "off -the-she If'' motors for application 
t o  the shoulder have been slrmmarized i n  Table VfI-2, 
paver considerations, the lalad d e l  T-4427 was selected as a repre- 
sentative candidate. 
application for two reasons: 
creased allowable duty cycles. 
Froan weight and 
Note that t h i s  motor w i l l  be used i n  a derated 
(1) reduced pmer consumption a& (2) in- 
A preliminury analysis based on thermal considerations d assraing 
convection characterist ics of a 1-g envirorment establishes an approx2 
bate  duty cycle. 
of L8"C/watt with an allowable temperature rise of 105OC, 
models are available per special request.) Therefore, a conservative 
estimate of continuous power is given by 105/1.8 or 58-3 watts. 
t h i s  power rating, 445 02-in of continuous torque Le supplied by the 
motor. 
required at the manipulator shoulder. 
The =tor specification indicates a testperatwe rise 
(153% 
At 
This value of torqm exceeds the 384 oz-in maximan torque 
"he power required by the motor at the 384 02-in stall  torqire level is: 
2 P f @/K,) = (3&1/5$.8)2 - 42.6 watts 
The current required is: 
I = T/€$ = 384162.5 = 4.65 ampa 
The maximum voltage is given by: 
V = 50 + 1% (0.58) (10) + (4.65) (2) = 15.1 vol ts  m 
Thus, t h i s  s e  motor, designed for a higher voltage rating is 
desirable, With the FFTS supply of 28 ,+ 4 volts, a V, of a t  least 24 
vix- 22 
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vo l t s  is  d e s k a b l e  and w i l l  reduce the current required. 
shows the reLationship betreen the  catalog motor, T-4427 and a modified 
33.4 volt model. 
Table VII-3 
Table VIS-3 Modified '11-4427 Character is t ics  
Paramter T-44 2 7 Mod if ied 
VoItage, v ( V C I t s )  21-0 33.4 
P 
Aesistance, R (ohms) 2 - 0  5.06 
Current at T Ip (amps) 19.5 6.6 
Toxque $ensi t  ivity , I$ (02- in/ amp) 82.5 131 
Sack E.M.F.. Y9 (volts/rad/sec) 0.58 0.913 
GI 
P' 
For ttae modifikd T-4427, the current, valtage,  and power required t o  
provide 3% 02-ia of s ta l l  torque &come: 
I = I  = 384,'131 = 2.93 a m p  m a  eta11 
(2.93) (5 .05)  = 14.8 vol t s  
The maxinnna control voltage is 
10 5w f IR = (0.913) (10) + (2.93) (5.06) 1 24 vol t s  v* m 
and tne i - s imun peak power required i s  
V = (2.93) (24) = 7i). j watts p* = I* R 
'J3.e pcak power of 70-3 w a t t s  consis ts  of approximately 43-5 watts of 
I R losses and 24.5 watts, based on a 90s. effic5eer;t: system, delivered 
t o  the output shaft. 
2 
Atcrque-speed d i a g r w  of the shoulder actuatofs is i l h e t r a t e d  in 
Fig. V11-9* dath the basic motor and the actuatcr @ = SO) characteris- 
tics are shoun witb the typ ica l  operating region indicated. 
b. 
based upcn the  following considerations: 
Elbow Pitch Actuator - The selection of t5e elbow actuator was 
Gear Ratio, N = 
Output Tcrque, T 
0 .  
S 50:l 
50 f t - l b s  (at 0 - 0.4 rad/sec) 
Three options were considered in the selection process: 
shoulder actuator "as-is" with a gear r a t i o  of 5O:l in w h i c h  the overa l l  
actu, a r  diameter and weight are excessive but a s igni f icant  power ad- 
vantage is  obtained, or (2) use the  s- motor but pick a differeli t  
gear r a t i o  based upon the  poss ib i l i ty  of a weigh: reduction, o r  (3) select 
a completely d i f fe ren t  motor end gear ratio. 
provide comnonality k-ithin the manipulator motors while recognizing the t  
a small weight cavings might be realized using Option 3. 
(I) Use the 
Option 2 was selected t o  
Therefore, the  motor type baselined for  the elbow actuator was the  mod€- 
f ied Inland Mode 1 T-4427. 
The speed-torque product is equivaknt  t o  27.2 w a t t s .  Therefore, 
Shaft Power, Ys: 27.2 wt t s  
and t h e  required motor rating, aga i t  assuming a 90", efficiency, is 
121 watts. 
The minimum gear r a t i o  Zor the elbow actuator was established u s h g  
the charac te r i s t ic  equation of the T-4427 motor, given by 
T = 865 - kw a t  u =  36, T = 0; :.k = 24 
Using a gear r a t i o  of R, 
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Motor: Inland T-4427 
Gear Ratio: N = 50 
3 
ed 
10 20 
Speed, w (rad/sec) 
Figure VII-9 Shoulder Torque-Speed Characteristics 
30 
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T = 865 N - 24 W / N  
The boundary conditions for  the  solut ion a re  
a t  T = 9,600 oz-in, w = 0.4 rad/sec. 
lheref  ore  , 
9,600 = 865 N - 24 (0,4)/N 
or Ndn B 11 
Recognizing that, by using the  la rges t  value of N, the overall power 
requirements are reduced, mechanical design considerations (size, 
weight, and complexity) led t o  the  se lec t ion  of N = 30 for  the mani- 
pulator elbow gear ra t io .  
Calculations fo r  the  elbow actuator are as follows: 
Input Torque, Ti = To/0.9 N lw30 = 356 oz-in 
Maximum Current, 1- = Istall = Ti/$ = 356/131 = 2.72 amps 
Voltage at S t a l l  = ImRm = (2. 72) (5.06) = 13.75 volts 
Power a t  S t a l l  = astall I2 R = (2. 72) (5.06) = 37.4 watts 2 
The maximum control  voltage is 
V = \w + IR, = (0,913) (12) -t (2. 72) (5.06) * 24.8 volts m 
and the  maximum peak power required is 
p = I V = (2.72)(24.8) = 67.5 watts m m m  
The peak power of 67.5 watts consis ts  of approximately 37.4 watts of 
1% losses and 27.2 watts ,  based upon a 90% e f f i c i e n t  system, delivered 
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t o  the  output shaft. 
A torque-speed diagram of the elbow actuator i s  i l l u s t r a t e d  i n  Fig. 
VII-10. 
c. 
actuators was based upon the following considerations: 
Wrist Pitch. Paw, and Roll Actuators - The eelection of the wrist 
Gear Ratio, N: ,< 45:l 
Output Torque, To: 15 f t - l b s  (at 0 - 0.2 rad/eec). 
The minimum torque required, assuming 90% efficlancy, ie given by: 
Input Torque, Ti To/0.9 N I N  45 = 71.2 02-h .  
The speed-torque product is  equivalent t o  4.08 watts, Therefore, 
Shaft Power, Ps: 4.08 watts 
and the required r a t ing  of the motor is 18.2 watts. The desired no 
load speed is approxfmately 22.5 rad/sec with a 45:l gear reduction. 
The physical charac te r i s t ics  of the motor, based upon the  manipulator 
s i ze  requirements, are: 
Outsidt Diameter, O.D. = 8.25 cm (3.25 in) maxirmrm 
Inside Diameter, I.D.: 3.8 cm (1.50 in) minimum 
Weight: 5 0.45 kg (1 Lb) 
Again, fo r  comparative purposes, typ ica l  "off-the-shelf" motor8 were 
evaluated fo r  applica.tion t o  the wrist actuators. 
Table VII-4,it WAS noted tha t ,  i n  general, the smaller motors were 
not available with a low no Load speed ( e 22.5 rad/sec) as desired 
and hence provide minimum power. 
As sumaarized in  
Conversations with motor vendors 
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Mc “or: Inland T-4427 
Czar Ratio:  N = 30 
7 v = 33.4  v o l t s  
V = 24.8 v o l t s  
,----- Typica l  Operat ing 
Speed, w ( rad/sec)  
Figure VII-10 Elbow Torque Speed C h a r a c t e r i s t i c s  
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did indicate that  a lower no load speed could be achieved a t  the expense 
of increased weight and velum. 
For preliminary design purposes, the Magtech Mode1 30008-078 wae rrelected 
ab it provided the best compromize between weight and q r .  
Assuming the characterist ics of t h i s  motor, two additional calwlat iona 
were made t o  establish the thekoul, as related to  duty cycle, and parnr 
requitements of the -tor used i?i a d c a t e d  condition. The motor rpec- 
i f icat ion indicates a temperature rim of 2.5.C/watt with an allowable 
temperature rise of 130OC. (basically a 155OC model) Therefore, the 
allowable continuous power is given by 130/2.5 or 52 watts. 
rating, 96.6 oz-in of continuous torque I s  supplied by the motor. 
value of torque exceeds the 71.2 oe-in maximtan torque required at the 
manipu lat or w r  Let. 
At t h i s  
This 
The power required by the motor at thL: 71.2 or- in s ta l l  torque level 
is: 
2 P W K m )  (71.2/13.4)2 28.1 watt8 
21he current required is: 
The maximum control voltage 
1.8 amps 
is given by: 
V = 5" + IR = (0. 28) ( 9 )  + (1.8) (8.6) = $9 vOLts rn rn 
i f  the -080, 26.1 vol t ,  model i~ Laplomutad. Bowover a u@&l with 
a higher voltage rat ing suck 
the meximrrm current reqr~iremnt  t o  
voltage t o  over 24 vo'r~s. 
.he -130 or -170 is recomenCld LO rad*ice 
w 1.5 amp6 aad increme the 
peak p e r  required is  
P c I V = (1.8) (18) = 32.4 vatta 
m m a  
Thi6 peak pawet of 32.4 watts consiete of apprxixattly 28 uutts of 
1% losses and 4.08 uatzs, based upon a $02 efficient system, delivered 
t o  the output shaft. 
A torque-epeed dlagras cf the wrist actator8 is eb;nm in Fig. lT11-11 
and i;ltrdtrates the &sire to reduce the no l t id  spsad of the motor 
to cr .Y F r  conmxapticm. 
Tottie m1-5 below s ~ i t e s  tire “t.orat cam’’ actuator pwer rtquitemeats, 
Thee couiltions exist onl: when a l l  actuators are required t o  deliver 
Laair maximm~ torqw siarltaneoualy, 
es tabl i sh  an average value. HOYevet, b e %  t h a  SO-ratts expectrd. 
Task tirliaa data is required t o  
Tuble .VI105 Actuator R.Jrer Elrcrufmnto 
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3D Cearing Sehctlon 
Speck1 atte*:iou was facttsed on the selection of the bearings. 
different kind of k ~ l u g s  are used in the prrlip.lnarf &sign: 
contact; pee6le roller; and needle thrust. 
durjsg the design prooass, the needle rollers --re emplqmd. 
their sire and road c a r r y i n g  capatility, thay can be operated at a Lou 
lev31 of Hertz strew, Their outer housing shell is case-harbded to 
,=* th-8s only and acts as a cushion for the d k s  such tk 
the cm:azt e a  per needle is ircreased and the contact stress is 
Three 
angular 
Wirenever it vas feasible 
Because of 
&i an @-le, t b  =actio> forces of the duplex angular contact bearings 
are analyzed b%toU. 
cmditLoas, 
radial laads t'm t o  tbrust loads, tho pun radial a di t ion  was Fneesti- 
gated for tbe olixlmm contact D~;%SC calculations. 
The karbg -ads Yere established for m a t  cam 
S ~ Q C ~  che angular coetact Be&ngs are more sensitive t o  
Using the reference data and chart fcr a bearing of 55% d o r d t y ,  
then tne 3t;'BBS factor for the bearing :ace (fso) w i l l  be (from chnrt 47) 
1.q I- 34 
I4 - 90 ft-lb 
P = 10 Lbs 
Resultant Rleactiun Forces: 
RL = -207 1bS 
'R 
H, It2 - 0 
where ; 
FR = radial load 
FT = thrust load 
n = 85 number D f  balls per bearfag 
d * .156" d i e t e r  of balls 
Figure VII-12 Free Bcdy DiagrG of Shoulder Bearings 
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Substituting this into the contact stress formula: 
P 1/3 
0 = 15079 fs - 
smi d2 
Then 
11 3 
Smi - 15079 x 1.31 x * w , o  psi 
(. 156) 
This applies for the h e r  ra-4: the other race streria i a  rligbtly 
ml l er ,  
requireRlents of 
Therefore, the bearing design is v&thln tbe contact ..tress 
4 140, OOO psi, 
Ne&& roller bearings yere selected for the pinion shafta which also 
carrp the gears (clustered). The wcrst a loud is at the shoulder 
jalnt on the 1st stage need- bearing. 
a-861 by Torrlqton Coo 
Zhe bearing selacted uas a 
V I f -  36 
y ie Ids 
5. 
which again is 'rithio the contact >tress requirerests of the lubrication. 
Cable Routing 4 Wire Specifications 
'fie wire c&Gs sre routed through joints whenever possible, The w i r e  
W l e  is estimtec! to be about 5 / 8  i n d s  i n  dianeter et the shoulder 
aad 1/2 inch at the elm. 
T& whe specificairions are srmmarlzed l a  Table VII-6. 
generous twnd radius is tecomPended a d  insulatlon (e.gc teflon shield) 
shwld  be wovided crrlch that t3e cable 1% losses are used t c  provide 
heaths of the cable bundle. These considerations will incrc.ise the 
umber of d h a S l e  knding cycles by reducfag the "rigidity" of the 
w i r e  b m l e  urder LOU temperatures. 
Note that a 
Table VII-7 suoaarizes the mass properties of the prelihinary manipu- 
lator design, 
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B. C C m L  S p s m  
1. 
As discussed i n  Section TVC, the RBEIRotation control mode has been 
selected for preliminary design. 
torque conversion for the translational degrees of freedom a d  incor- 
porates the hawk mode and terminal device t o  range vector transforma- 
t ion equations, 
coordinate scheme are: 
The technique u t i l i zes  a force to  
To reiterate, the prominent features of the spherical 
1. 
2. 
3. 
4. 
5. 
Siaiple equations, no matrix inversions needed. 
Maniprlator applied forces and moments visually displayed t o  
the operator. 
Variable s e m  st i f fness  permitting "free" gimbal motion. 
Range, Azimuth, Elevation and X, Y, 2 motion controllable 
in  the spherical base and terminal device cartebian axis 
systems, respectively. 
Easily servo compensated t o  accomnodate large 8 d n  and 
imrtia . changes . 
* 
The control lm equatiom and servo compensation network dekiqn for 
the six gimbal actuators are detailed below. 
Control System Details 
Fig. VII-13 depicts the complete RAEIRotation control scheppe, 
received by the control system from the input rate controllers and 
gimbal sensors and computed information transmitted t o  the operator's 
console and joint  actuators are detailed. 
Signals 
e .  . 
n e  coordinate transformation T derives R, A, and E values fn the base 
axis system from the cnmrands given in terminal device cpWiinates. 
This transformation used i n  conjunction with the rotational Hawk 
compands, 'wh, pvkh' pwh , provides Cartesian control in the TD axis syetem. 
0 
. e . 
P 
4- 
I 
FORCE METER DISPLAY 
OPERATOR'S cmsw CONTROL MIS AND SERVO SYSTEM (TRANSJATION 1 
1 
'*k 4 
1 
a l l  1 I 
VARUlKE GAIN 
smcr  ? 
-- 1 
TOROUL METER DISPLAY 
I i I 
Figure VII-13 RAEtRotation Control System 
pmuTFRAMl~, I 
Manipulator Degrees 
Of Freedom 
I 1 
'OL LAWS AND SERVO SYSTEM (ROTATION) 
VI1141 .and VII-42 
Noted from the figure,  both the Hawk mode and T matrix inclusion a re  
operator seiectable  from the control  console. 
add, control  the magnitude of the  derived gimbal r a t e  comnands and 
thus prevent the jo in t  rates from exceeding designed values as the  
manipulator is extended t o  the  extremes of i ts  operating volume, 
prevent permanent magnet demagnetization and cornnutation arcing r e su l t -  
ing from excessive motor currents,  limiters Li, i = even, are provided 
t o  control  the torque comnands derived from large e r ro r  signals.  
limiters, i n  conjunction with current l imiting on the  dr ive power am- 
p l i f i e r s ,  fu l ly  protect the  dc torquers from exceeding any design 
pararaeter. 
The limiters Li, i = 
To 
These 
The var iable  gains Kt, K3, and K determine the  t r ans l a t iona l  cont ro l le r  
s ens i t i v i ty  and are operator var iable  @ig. VII-14, control  1) from 
0 - 2 ft,'sec. 
5 
Likewise K K9, and K 
are  varied from 0 - 10°/sec (control 2). Gains K2, K4, and K6 vary 
the t rans la t iona l  motion servo s t i f f n e s s  (control 3) and are adjustable 
from the maximum value t o  zero-allowing the shoulder yaw, pitch and 
elbow pitch ginbals t o  f ree ly  backdrive, 
'is set by control 4 and is  s imilar ly  var iable  from maximtm to  zero- 
permitting the wrist a t t i t udes  t o  e a s i l y  backdrive and selfal ign.  
Fil ters Gf and G i ,  i - 1 ... 6 ,  detai led below, are the tachjmetc: 
r i p p l e  f i l t e r s  and servo compensatiiig n 
set the  ro t a t iona l  cont ro l le r  s e n s i t i v i t y  ani 7' 11 
Rotational servo s t i f f n e s s  
x k s ,  respectively. 
VII-43 
Controller Sensi t iv  
Translation (f t /sec)  Rotation (degrees/sec) 
Servo StiffnesB 
Ctmtrol 4 
Rotat ion 
Figure VII- 14 P a r t i a l  Control C o n s o &  
2. Servo Cmmnsat  ion Networks 
Each servo loop nrrst De compensated such t h a t  adeqwte s t a b i l i t y  is 
maintained over the  f u l l  range of Ki, i = ewn,  gain and iarrt ia changes. 
The jo in t  i ne r t i a s  w i l l  vary from the unloaded am ralws t o  the inctccreed 
ref lected ine r t i a s  correeponding t o  the f u l l y  loadad r i t ue t ion  (300 lbe 
payload attached t o  terminal device). 
achieved by: 
Compensation network design i 6  
VII-44 
1. deriving the oper. loop t r ans fe r  funct ion f o r  a l l  loop associ-  
a ted with each gimbal ac+.uator, 
l i nea r i z ing  each t r ans fe r  funct ion about a nominal arm con- 
f igura t ion ,  
determine open loop servo cha rac t e r i s t i c s  via standard Bode 
2, 
3, 
SLdlySiS 
4, derive needed compensation networi . asourc s t a b i l i t y  and 
y ie ld  a th ree  hz bandwjdth f o r  unloaded opcxation. 
Since. t h s  con t ro l  law equations compute ac tua tor  torques,  a cur ren t  
drive technique is u t i l i z e d  t o  provide a speed independent coranand t o  
ac t jva t e  the  joint motors, 
a. 
actuator  motor-gear asrremblies is depicted i x t  Fig. VIX-1.5. 
Shoulder Yaw - The generalized servo model used f o r  t he  six j o i n t  
?$, = torque s e n s i t i v i t y  
h = gear ratio 
J = motor, gear,  and load inrrtia 
S - Laplace operator 
= i n f i n i t e  JJpuederse Cmping coef f ic ien t  F I  
0 = gimbal rate 
Figure VIL-15 Motor ard Gear Train Gervo Moue1 
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The closed loop t ransfer  function associated with this model is given 
5 by : - 
FTN l. 
G =  S 
m . ' + F,N~/J  
The servo loop associated with the  shoulder yaw degree of freedom is 
determiaed from the azimuth control  equations @ig. VII- 13 as shown i n  
Fig. VII-16. 
Figure VII-16 Shoulder Yaw Servo Loop 
The limiters L3 and L4 are set t o  l i m i t  at 0.2 rad/sec and 90 f t  lbs ,  
respectively. 
with a break frequency of 30 hz, has a t ransfer  function given by: 
The tachomter  r i p p l e  f i l t e i ,  of the law pass var ie ty  
VI1146 
e - -2 
Y 
1 - 
Gf - s o  
l+188 
(VII- 2) 
The motor parameters for  t h e  Inland T-4427 and the  designed gear r a t i o  
are : 
5 = 0.43 f t  lbs/amp 
FI = 0.005 f t  lbs/rad/sec 
N = 50:l. 
Linearizing about a nominal arm configuration and estimating the  no 
load reflected i n e r t i a  yields: 
2ICY = 5.89 f t  
2 J = 15.42 f t  lbs sec 
(PII-4) 
R o m  the  SMA simulation arai previous manipulator experience, a static 
3 servo compliance of 15 x 10 f t  lbs/rad/sec for the shoulder gimbals 
appears more than adequatr t o  y ie ld  sa t i s fac tory  rate resolution and 
servo s t i f fness .  
the forward loop gain K4 is solved t o  be: 
Assmiq a unity gain current dritR power amplifier, 
Substi tuting the above values in to  the  servo loop of Fig. VII-16,the 
open loop transfer functio.. f o r  the shoulder yaw degree of freedom 
becomes : 
GoL 
G2 
Plot t ing  t h e  Bode gain curve of - (Fig. VII-17)teveals the f i l t e r  
network 
VII-4 7 
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(VII- 7) 
y i e l d s  a compensated system @ig. VII- 1 8 ) w i L h  an  unloaded bandwidth 
of approximately 5.25 hz and a phase s t a b i l i t y  margin always equal  t o  
or g rea t e r  than 47O as the  servo compliance v a r i e s  from 15 x 10 f t  lbs /  
rad/sec: t o  0 and as the  load i n e r t i a  ref1ecte.d t o  t he  yaw gimbal ranges 
between 15.42 f t  lbs  sec2 (unloaded) t o  774 f t  l b s  sec2 (300 l b s  payload 
attached). 
3 
b. 
defined by the  e l eva t ion  degree of freedom con t ro l  equations (Fig. VII-13), 
has t he  following open loop t r a n s f e r  function: 
Shoulder Pi tch - The shoulder p i t ch  servo loop (Fig. VII-19), 
Figure VII-19 Shoulder Pitch Servo h o p  
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where 
= 0.2 radlsec L5 
L6 = 90 f t  lbs 
5 = 0.43 f t  lbs/amp 
N = 50:l - 0.005 ft lbs/rad/sec FI 
PIC7 = 5.89 f t  (nominal configuration) 
K6 = 118 (corresponding t o  a 15 x 10 
J = 23.08 f t  lbs  sec (unloaded manipulator) 
3 f t  lbs/rad/sec servo 
compliance) 
2 
1 
s o  1 +- 188 
Gf = 
Performing the above substi tutions,  equation MI-8) becomes 
-(. :&) (l +L) G3 CVII-9) 
GoL 
G3 
A Bode gain plot of - reveals the compensation network 
(VII- 10) 
yields an unloaded bandwidth of 4.77 hz and provides a phase margin 
a 47' for  a l l  mode of operation, 
c. 
the elbow servo loop as L rJn by Pig. VI120 . Elbow P i t c h  - The ranpe and elevation control equation8 appear i n  
VII-51 
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Figure VII-20 Elbow Pitch Servo b o p  
Performing the substitutions: 
= 0,2 rad/sec L1 
L2 = 49 ft lbs  
l$ = 0.43 f t  lbs/amp 
F = 0,005 f t  lbs/rad/sec 
N = 30:l 
I 
VII-52 
-LsY = 2.95 f t  
2ICY = 5.89 f t  
3 Kl = 210 (corresponding t o  an 8 x 10 
K6 = 118 
J = 9.98 f t  l b s  sec2 (unload) 
f t  lbs/rad/sec servo compliance) 
the open loop transfer function i s  
reveals the compensator The plot of - GoL 
Gl 
S S 
S S 
- (1 +.7)(1+30) 
(1 + yH1 + + G1 - . 
(VII-11) 
(VII- 12) 
provides an unloaded bandwidth of 5.25 hz and a phase margin 
for a l l  facets of control. 
43" 
d. Wrist Pitch - Fig. (VII41) depicts the wrist pitch servo loop 
VII- 53 
Figure VII-21 Wrist Pitch Servo LQOp 
With the substitutions 
% =  
FI = 
L7 - 
N r -  
L8 
Kg 
J =  
0.21 f t  lbe/amp &tech 30008-78) 
42.6: 1 
0.0004 f t lbs/  rad/ sec 
0.2 rad/sec 
15 f t  lbs  
223 (2 x 10 
0.47 f t  Ibs sec2 (unloaded) 
3 f t  lbs/rad/sec servo compliance) 
the open loop transfer function becomes 
VII- 54 
GoL = +-)( 1 +- t 8 ) G 4 .  
The f i l t er  network 
(VII-13) 
(VII-14) 
modifies G 
mately 25 hz and a 45' or greater phase margin is maintained. 
such that i5e closed locp unloaded bandwidth i s  approxi- OL 
e, Wrist Yaw - Fig. VII-22 represents the wrist yaw servo locp, 
L I I J 
7 
F 1 + -I.-. 
I 
G S GE 
, 
A K1O ' 
Figure VII-22 Wrist Yaw Servo Loop 
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The loop parmters 
Lg = 0,2 rad/sec 
Llo= 15 f t  lbs 
I$ = 0.21 f t  lbs/amp 
J = 0.29 f t  lbs sec (unloaded) 
N = 42.6:l 
Klo= 223 (2 x 10 
= 0.0004 f t  lbs/rad/sec 
FI 2 
3 f t  lbs/rad/sec servo compliance) 
yield the open loo- transfer function 
Inserting 
(VII-15) 
(VII-16) 
compensates the loop to yield a 24 hz unloaded bandwldtn and a phase 
margin 2 40°, 
f ,  Wrist Roll - The wrist ro l l  servo loop is depicted in Fig. VII-23 
VII-56 
Figure VII-23 Wrist Roll Servo h o p  
Def lnlng the above variables : 
Lll = 0,2 rad/sec 
L12 - 15 f t  l b s  
5 = 0,21 f t  lbs/amp 
J - 0,21  f t  lbs  sec- 
N - 42.6: l  
K12 = 223 (2 x 10 f t  lbs/rad/sec servo compliance) 
- 0,0004 f t  lbs/rad/sec FI c 
3 
the open ?oop transfer function 
VII- 5 7 
associated with the  compensator 
(1 + S) (1 + S/30) 
G6 si 
(VII- 13) 
(VII- 18) 
prwides  a 24 hz unloaded closed loop bandwidth and a phase margin 
a 350. 
g. 
a servo actuator but no posi t ion or  r a t e  sensor. 
opening w i l l  be accomflished by supplying an on-off polarized command 
t o  che omtor drive electronics.  
U8hg a "buup" technique on the comaand switch. 
Teminal Device Jaws - The terminal device j a w  assembly contains 
Jaw closure and 
Variable jaw ,.peed is achieved by 
VIL-58 
C. DATA MANAGEMENT 
The following paragraphs discuss the data  manageent fo r  the manipulator 
arm applicable t o  a f ree  f lying teleoperator. A conparison of telemetry 
bandwidth for  both a complicated arm and a simpler a r m  are shown. 
it is concluded tha t  when a rate control  a-3e is employed a conanand band- 
width of approximately 1 kHz and a t e l e m t r y  bandwidth of less than 2 kHz 
is suff ic ient .  
used for  display purposes only and test and ve r i f i ca t ion  sequences are 
accomplished i n  conjunction with the  te lev is ion  and d i r e c t  ana lys j s  of 
telemetry signals. 
Briefly,  
In t h i s  mode of operation, am angular posit ion da ta  is 
1. Overall Data Management Considerations 
A basic diagram re la t ing  a manipulator of typ ica l  component complement 
t o  a remotely locatcd man/machine in te r face  i s  shown i n  Fig .  VII-24. 
The e l zmnt s  located on the Free Flyer include manipulator actuator 
and sensors, telemetry s igna l  conditioning for  re lay,  comnand receptinn 
and conditioning for  the  manipulator servo actuators.  
ist ics of the te lev is ion  module and possible separate video transmitter 
l ink have been addressed i n  previous work such as contract  NAS8-29024, 
"Conceptual Design Study of a Teleoperator Visual  System". 
The character- 
The man/machine interface consis ts  of t e lev is ion  displays,  auxi l l ia ry  
v isua l  displays, po ten t ia l  audic and contact cues, a d  the  physical 
input de-Jices for  the maripulator and te lev is ion  control. 
input devices are conditioned from cont ro l le r  coordinates t o  m n  lpulator 
hctuator coordinates by a control  mode computation unit. 
computation uni t  is required t o  provide a set of control  laws and modes 
including the range/ azimuth/elevation "rate-rate" and "hawk" mode i n  
spherical  or  Cartesian coordinates. Control select logic provides a 
capabi l i ty  €or select ion of potent ia l  d i r ec t  or backup control  of the  
manipulator in  the case 02 a fa i lu re  or contingency. 
Manipulator 
!he control 
?'I I- 5 9 
I 
- c  
"4 
r 
I I 'I 
With respect to  t e l e a t r y ,  or data management, for a manipulator the 
design characteristics of signals which lead t o  a determination of 
c h a m 1  bandwidths are basically: Type (armlog or discrete); dynamic 
range (ratio of maximum t o  minimun v a l e ) ;  and sample rate or bandwidth. 
In t h i s  case the parameters of interest are: 
or shaft  velocity; and c) angular position of a shaft, 
a) Motor torque; b) antor 
a. 
force at the end of the shaft. Control laws have been defined which 
could either employ the motor torque directly,  or compute it based 011 a 
value of applied t i p  force. 
is tbe relationship of threshold torque t o  maxinum torque. 
torque is primadly the breakaway torque due to motor st iction. 
factor tends t o  be relatively constant for a given -tor, and is on the 
order of 2% of maximun torque for the devices anticipated for  application 
t o  a typical FETS Gmipulator. Thus a preliminary allocation of sampling 
threshold of 1% of m a x i L z  torque appears sufficiently conservative. 
Motor Torwe Samplinq - Motor torque on a shaft  resul ts  in an applied 
The factor of p r t a r y  interest  t o  telepetry 
The threshold 
This 
The teleetry signal definit ion table therefore includes an allocation 
of 1% of m a x h  motor/gear t r a i n  torque as a reasonable value, 
maining major consideration is sampling rate required, 
of t h i s  value is usually made t o  follaw the typical t i n e  in terval  for  a 
degree of freedom to traverse a fixed percent of maxiimm angular trawel 
u d e r  maximrnn angular acceleration expected. 
The re- 
Specification 
An estimate of t y p i c a l  maximun angular acceleration can be based on the 
inertia of an unloaded manipulator about a shoulder jo in t  and the applied 
torque about that  joint. 
Accordingly , 
T = Ia and 
2 = 2.3 rad/sec 90 f t - lb  
39.05 s lug-f t 2 
3 
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where: 
T = torque applied 
a = angular acceleration 
I = Inertia about t - axis of rotation 
In addition, a time interval can be incorporated by the equation: 
1 2  8 = 0, +?at 
where : 
0, 0,: angular positions 
a : angular acceleration 
t: t- 
In this case let (0 - 0 ) be AO, a portion of maxfmum anw’ar travel 
for the particular joint, 2he portion of n r a x i p u  travel a Located is 
1% for an in i t ia l  reference, 
0 
The time interval is given by: 
where the parameters were defined above. Table VII-8 suumarizes the 
resulta it sampling interval, 
It i s  seen that an allocation of 10 sam?les/second will encompass a l l  
the increments de.-ived, 
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Table VII-8 Time I n c r e e n t s  t o  Traverse 1% of Maximum Angular Travel 
Wrist R o l l  
Wrist Pitch 
Wrist Y a v  
Elbow Pitch 
Shoulder Pitch 
Shoulder Yaw 
0 
(de81 
360 
180 
170 
180 
180 
400 
0 
(rad) 
6.28 
3.14 
2.96 
3.14 
3.14 
6.98 
. a 2 8  . 0314 
.0296 
.0314 
0314 
.0698 
t 
(=c) . 233 
. 165 . 160 
. 165 . 165 
.247 
f 
otz 1 
4.29 
6.06 
6.25 
6.06 
6.06 
4.05 
b. T a c W t e r  or  Amxu lar Rate Sampling Considerations - Angular rate is 
used by the candidate control laws to  provide rate damping (for s t ab i l i t y ) ,  
rate limiting for  safety reasons, and for possible rate matching in soae 
specialized applications. 
The a l loca t ion  of a rate precision may be, therefore, somwbat arbitrary. 
H o u e v e x ,  previous studies @8-29904, a td  others) have d e f i d  typical 
rate residuals on t he  order of 2 .1 deg,l;lc e 6 min/sec). 
defined as a representative value by others in such analyses as 
"Teleoperator System Man-Machir! Interface Requirements fo r  Satellite 
Retrieval and Serviciq" . 
This is also 
Nbsw-2220 
For a precision operation such as module replacement the tigbta8t " 1 h i e  
cycle" might be bounded by t; .1 degree and f 1.0 degree/second. 2hiS is 
taken as an i n i t i a l  al location for  a sampling mquireaent detednatlon. 
In t h i s  case the time required to traverse the rate bwnd is: 
Accordingly, a somewhat a rb i t ra ry  assigament of a minimann sampling rate 
is (.I)-' = 10 samples/second, 
The implication of t h i s  approach is t ha t  rate I s  sampled at a su f f i c i en t  
rate t o  assure a t i g h t  rate bound while maintaining an acceptable precision 
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on rate during s l e w  maneuvers t o  maintain adequate loop damping. 
hiZ'ler angular rates the p a r m e t e r  of i n t e re s t  becones the maximum 
angular increment possible between sampling intervals. 
are srmrmarized i n  Table VII- 9 . 
At 
These intervals 
Wrist Roll 
Wrist Pitch 
Wrist Paw 
Elbow Pitch 
Shoulder 
Pitch 
Shoulder 
Paw 
i 
Table VII- 9 Maxim Angular Increment Due to Tachameter Sampling Interval 
+120 
+ 10 
+ 10 
+ 20 
+ 10 
+ 10 
- 
- 
- 
- 
- 
- 
W M a x  
(rad/ se c )  
- +2. 1 
+ ,175 
- + .175 
- + .35 
- + .175 
- + .175 
12 
1 
1 
2 
1 
1 
. 21 ., 01 75 . 0175 . 035 
.0175 
0175 
x n a x  
10 
10 
10 
10 
10 
10 
* L i m i t  cycle of , 1. deg and 1 degreejsecond 
"he worst case angular excursions between sampling must be further evalu- 
ated based as t h e  resu l tan t  motion of the end ef fec tor  due t o  this un- 
certainty. For example, with an uncertainty of 1' (.017S rad) the moveppent 
uncertainty a t  the t i p  (9 f ee t )  would be: 
.0175 rad ( 9  f ee t )  = .157 f e e t  
This does not appear excessive since maximu slew rate would not be employed 
toward an attach point when the payload or manipulator were i n  the close 
proximity of the attach point. 
cated. 
Thus a sampling rate of 10/second is allo- 
c. Position Potentiometer Sampling Considerations - Knowledge of shaf t  
position is most c r i t i c a l  a t  law angular rates when precision alignment 
operations would be anticipated, The angular position incrprpent thres- 
hold has been s t a t ed  t o  be 6 min or .1 degree as an upper bound. 
reconmended value, hotmver, is 2 1 degree precision. 
The ' 
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A d i r ec t  comparison of position and velcoity based on m a x i m  allowable 
jo in t  rates and the desired angular precision r e su l t s  i n  a representative 
sampling time interval. This i s  sutmnarized as: 
20°/sec 
120°/sec 
.1 . 005 200 
.1 0.000825 1200 
These sample frequencies appear very high based on the expected servo 
bandwidths of up t o  1 hz, Therefore, additional analysis is required 
t o  bound these values r e l a t ive  t o  the use of control equations. 
For example, a rationale could be assumed t h a t  would include the con- 
cept that: 
maxkmun rate of a percent of maxi- velocity (i.e., a value of 0.2 x 
w ). Thus the sampling r a t e s  would be: 
precision angular knowledge would be mintairred up t o  a 
mex 
where: 
f* = adjusted sampling r a t e  
K = proportional constant 
= sample rate implied fO 
If k were set t o  0.2, the corresponding sample rates are: 
20 
120 
0.1 
0.1 
. 025 40 
.000415 240 
@or a one degree precision t h e  maximum sampling r a t e  implied is 24 Hz.) 
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I n  addition, a further spec ia l  consideration mst be given the wrist 
r o l l  rate of 120 deg/sec. 
t o  maintain a constant rationale for sample rate choice. 
angular rate is for applications such as bolt  removal, payload spin up, 
etc., the 0.1 deg precision is  probably not required except at angular 
rates on the same order as other joints.  Thus an actual sampling f r e -  
quency can be deduced based on maintaining precision up t o  about 2'/sec 
as a worst case. 
a sampling frequency of 20/sec would maintain angular granularity of: 
This r a t e  implies an excessive sample frequency 
Since the high 
This simply means tha t  at an angular rate of 120°/sec, 
= 6 deg/sample (*lo5 radian) 120vsec  20 sample/sec 
and a t  20°/sec = 1 deg/sample (.017 radian), 
Both the above appear fu l ly  adequate fo r  control and display purposes. 
Composite Te leue try Tab le 
A composite telemetry sampling t ab le  based on a versatile reference wn- 
figuration and the above ra t iona le  is shown i n  Table VII-10. 
The i n i t i a l  al locations of the  telemetry control t ab l e  indicate tha t  a 
manipulator information rate of 1830 b i t s  per second for  a preferred 
simpler manipulator system. 
The t ab le  i s  presented in expanded form t o  show the  poten t ia l  telemetry 
inclusions i n  a more complex implementation. 
A typ ica l  colILIland matrix for  a manipulator on a FFTS i s  ahown i n  Table 
VII-11 
compatible with the manipulator. 
modes a command bandwidth incorporating 80018 degree of conservatism is 
approximately 1122 Hz. 
These i n i t i a l  assignments of resolutions and sampling rates are 
Based on the preferred rate control 
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Table VII-10 Typical Manipulator TelcPctry Matrix 
Scale 
bnge llnits 
11 b i t  Barker Coda 
8 b i t s  
B i t s  
Resolution Sample 
B i t  / Second Sample 
seconi 
10 
10 
5 
1 
1 
5 
1 
1 
LO 
10 
10 
10 
1 
1 
10 
10 
10 
10 
10 
10 
1 
1 
10 
10 
10 
10 
10 
10 
1 
1 
10 
10 
10 
10 
10 
10 
1 
1 
10 
t o  
10 
10 
10 
10 
1 
1 
10 
10 
10 
10 
10 
10 
1 
1 
Signal 
Source 
Synchronization 
Parity Check 
End Effector 
EE Motor 
EE Open 
EE Close 
EE Force Limit 
EE Status  
EE Test &de 
Uriat Roll 
WR Motor Torqvc 
WR Tachometer 
WR Pot 
WR Brake 
WR + L i m i t  
WR - L i m i t  
WB Status  
WR Test Mode 
Wrist Yau 
ki Motor Torque 
M T a c h w t e r  
WI Pot 
WI Brake 
M + L i m i t  
M - L i m i t  
M Status  
WI Test Mode 
Wrist Pitch 
UP m o r  Torque 
WP T a c h w t e r  
WP Pot 
UP Bralrr 
UP + L i m i t  
UP - Limit 
UP Status  
UP Test Mode 
Elbow Pitch 
EP &tor  Torque 
EP Tachomcter 
EP Pot 
EP Brake 
EP + Limit 
EP - L i m i t  
EP Status  
EP Test Mode 
Complex System 
110 
80 
Simpler System 
110 
80 
11 
8 
10 
1 
1 
9 
2 
2 
8 
8 
8 
1 
3 
3 
8 
8 
1 
1 
1 
3 
3 
8 
8 
8 
1 
1 
1 
3 
3 
10 
5 
8 
1 
1 
1 
3 
3 
11 
8 
8 
1 
1 
1 
3 
3 
11 
0 
9 
1 
1 
1 
3 
3 
-20 to  +20 
Binary 
Binary 
Binary 
Binary 
0-20 l b  
Ft-lb 
Discrete 
Discrete 
Lb 
Discrete 
Discrete 
Ft-lb 
Deg/sec 
Discrete 
Deg 
Binary  
Binary 
F t - lb  
uea, irL c 
k g  
Discrete 
Discrete 
Discrete 
Discrete 
Discrete 
F t - l b  
Deglsec 
k g  
Discrete 
Discrete 
Discrete 
Discrete 
Dtscrete 
Ft- lb  
Degfsec 
k g  
Discrete 
Discrate 
Discrete 
Discrete 
Discrete 
Ft-lb 
Deglsec 
k 3  
Discrs te 
Discrete 
Discrete 
Discrete 
Discrete 
Ft- lb  
Deg/sec 
k g  
Discrete 
Discrete 
D i sfre te 
Discrete 
Discrete 
50 
1 
1 
45 
2 
2 
-15 t o  +L5 
-120 t o  +120 
Coat. 218W 
Binary 
N l A  
N/A 
8 
8 
80 
80 
d l  deg) 144 
LO 
3 
3 
-10 t o  +10 
-10 t o  +10 
-80 t o  +80 
Binary 
Binary 
Binary 
8 
8 
80 
80 
10 
10 
10 
3 
3 
220 d l )  
-15 t o  +15 
-10 to  +10 
-90 t o  +90 
Binary 
Binary 
Binary 
8 
8 
80 
80 
220 
10 
10 
10 
3 
3 
-SO t o  +50 
-20 to  i 2 0  
0 t o  -180 
Binary 
Binary 
Binary 
8 
8 
loo 
90 
240 
10 
10 
10 
3 
3 
Shoulder Pitch 
SP Hotor Torque 
SP Tachomtmr 
SP Pot 
SP Brake 
SP + L i m i t  
SP - L i m i t  
SP Status  
SP Test Mode 
Shoulder Yaw 
SY Motor Torque 
SY Tachometer 
SY Pot 
SY Brake 
SY + b i t  
SY - Limit 
SY Status  
511 Test Mode 
-90 t o  +90 
-10 t o  +10 
0 t o  +180 
Binary 
Binary 
Binary 
8 
8 
110 
80 
120 (.1 dag) 
10 
10 
10 
3 
3 
-90 t o  +90 
-10 t o  +10 
-200 t o  +zoo 
Binary 
Binary 
Binary 
8 
8 
110 
80 
120 
10 
10 
10 
3 
3 
Total B i t  Rates for  Complex and Simpler System 2611 Hr 
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D, CONTROL AND DISPLAY STATION 
The Cont ro l  and Display S t a t i o n  (CDS) provides t h e  man/machine i n t e r f a c e  
necessary f o r  t h e  remote manned supervisory c o n t r o l  o f  t h e  FFTS, 
pr ime objec t ive  of t h i s  Sec t ion  is t o  provide a prel iminary CDS concept 
conf igura t ion  t h a t  i n t e g r a t e s  t h e  manipulator c o n t r o l  and d i s p l a y  ele- 
ments i n t o  a t o t a l  i n t e g r a t e d  FFTS CDS. The CDS i n  ques t ion  may be 
located i n  t h e  S h u t t l e ,  a s o r t i e  labora tory ,  o r  on t h e  ground. Each 
of these  loca t ions  present  d i f f e r e n t  problems i n  e s t a b l i s h i n g  CDS re- 
q u i r e m n t s ,  For example, because of t h e  p o t e n t i a l  weight and volume 
r e s t r i c t i o n s  w i t h i n  t h e  S h u t t l e  and s o r t i e  l a b ,  c o n t r o l  s t a t i o n  con- 
f i g u r a t i o n  and packaging concepts must s t a y  w i t h i n  s p e c i f i e d  voluxne envelopes, 
However, t h e  ground s t a t i o n  volume conf igura t ion  is pr imar i ly  l imi ted  
by t h e  opera tor ' s  phys ica l  c a p a b i l i t i e s  and arthropometry cons idera t ions .  
The 
A review of t h e  p o t e n t i a l  loca t ions  have ind ica ted  t h e  S h u t t l e  O r b i t e r  
l o c a t i o n  t o  be t h e  most r e s t r i c t i v e ,  as t o  volume, weight, and man/ 
machine parameteis, Therefore ,  t h i s  l o c a t i o n  was s e l e c t e d  f o r  f u r t h e r  study. 
I n  the CDS conceptual developmnt,  t h e  manjmachine i n t e r f a c e s  a s s o c i a t e d  
with two d i f f e r e n t  manipulator c o n t r o l l e r s  were considered. 
Fig, VII-25 presents  t h e  l o g i c  flow approach used i n  developing t h e  
s p e c i i i c  i n t e r a c t i o n s  needed t o  layout  an  i n t e g r a t e d  FFTS CDS panels.  
CDS Baseline 
Reference 12 
Anthropomet r i c  
t r o 1 le r s I I Simulat ions 
Figure VII-25 In tegra ted  Control  a d  Display Panel Layout Analysis Flow 
1. FFTS CDS Baseline 
The i n i t i a l  problem posed f o r  t h i s  study w a s  the se l ec t ion  of a represen- 
t a t i v e  con t ro l  s t a t i o n  configurat ion compatible with both the -/machine 
aspect as w e l l  as the in tegra t ion  aspects of manipulator con t ro l  hardware. 
A review of cmple ted  and projected NASA s tudies  shoved considerable efSort  
i n  progress t o  fu r the r  r e f ine  the  Shut t le  located PFSS CDS, 
NASA study (Ref. 12) a panel configurat ion was baselined whi-c!l presents a 
generalized FFTS con t ro l  and display layout. 
Fiom a completed 
2. Control and Disp lay  Console Configuration 
The Gemral ized CDS Console Configuration baselined was one which empha- 
s ized the man/machine in te rac t ions  associated with def in ing  a FFTS de- 
dicated CDS, In sumarary the  information reported i n  Reference 12 
defines  a s ingle  operator integrated con t ro l  s t a t i o n  where the  human 
fac to r s  considered were viewing dis tance,  func t iona l  reach, comfort and 
operator r e s t r a i n t  locations.  A systems optimization approach was u t i -  
l i zed  i n  out l in ing  a compatible console envelope, Using t h i s  informa- 
t i o n  the  following configurat ion and guidel ines  have been assumed and 
baselined for  t h i s  study: 
. An i nd i r ec t  v i sua l  system using dual  over-under monitors with 
stereo-mono displays was assumed. 
, Operator head/eyes viewing posi t ion is defined ?.s a point 22 
inches d i s t a n t  along the  normal l ine of sight., perpendicular , 
t o  the center  of t he  Fresnel display screen. The normal l ine of 
sigh= is the comfort line of s igh t  which !.s 15 degrees below the 
hor izonta l  l i n e  of s ight .  
. A cont ro l  and display panel zonal c l a s s i f i c a t i o n  was derived 
by the subtended angle approach fo r  t he  5th percent i le  operator 
v i s u a l  and funct ional  reach comfort range. Using t h i s  approach 
resu l ted  in t h e  p a n e l  depicted i n  Fig, VII-26. Growth t o  t h i s  
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22 
Figure YII-26 CDS Panel Zonal Classification 
Figure VII-27 Growth Area for CDS Panel 
concept i s  d e p x t e d  i n  Fig. V I I -  27 :wL. ch shows bow modularized s i d e  
pane Is would be added as  required,  
t h e  fol lot i ing gene ra l  d e s c r i p t i o n :  
Each zona l '  c l a s  s i f i c a t  ion has 
Class I - Cont ro l  and d i s p l a y  elements r e q u i r i n g  optimum viewing 
and reach l o c a t  ions ; 
Class I1 - Cor?trol and d i s p l a y  elements r e q u ' r i n g  optimiim viewing; 
Class I11 - Cont ro l  and d i s p l a y  elements r e q u i r i n g  optimum reach 
l o c a t  ions ; 
Class I V  - Cont ro l  and. d i s p l a y  elements r e q u i r i n g  maximum vi2wing 
without r o t a t i n g  head ; 
Class V - Cont ro l  a.id d i s p l a y  elements r e q u i r i n g  acceptable  reach 
and viewing; 
Cla. s V I  - Display elements r e q u i r i n g  acceptable  viewing only. 
3. Manipulator Displays and C_oitrols 
The primary purpose of t h i s  a n a l y s i s  vas  t o  clnfine t h e  prel iminary 
working volume a v a i l a b l e  f o r  manipulator c o n t r o l l e r  concepts using 
t h e  CDS b a s e l i n e  as def ined i n  t h e  preceding paragraphs. 
The emphasis ir: l e r i v i n g  t h e  a v a i l a b l e  wrrking envelope was d i r e c t e d  
a t  the man/machine int-erface compa t ib i l i t y .  The primary i n t e r f a c e  
was t h e  FFTS ope re to r  l o c a t i o n  i n  r e l a t i o n  t o  t h e  c o n t r o l  and d i s p l a y  
console hardware. This includes the  b a s i c  i n t e g r a t i o n  of the T T S  
c o n t r o l  and d i s p l a y  e l e n e n t s  i n t o  a l o g i c a l  and optimum arrangement 
w i t h i n  a l imited volume while inco rpora t ing  human f a c t o r  cons ide ra t ions  
necessary f o r  the ope ra to r  t o  perform e f f e c t i v e l y .  
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Two manipulator con t ro l l e r s  uere ident i f ied  in  Section IV-B as being 
f eas ib l e  t o  provide adequate input comunds. 
The most coarmon of these two con t ro l  mthods  w a s  the  dual  Apollo type 
u n i t s  which were panel  mounted and, had 3-degree-of-freedom f o r  each 
rate hand control ler .  
freedr.a v e r t i c a l  s l i d i n g  b i l a t e r a l  (force-feedback) con t ro l l e r  (Fig. 
IV-22). An indexing switch was mounted on the pos i t ion  con t ro l l e r  
g r i p  while both the r.ze and pos i t ion  con t ro l l e r  hand g r ips  had e3d 
e f f ec to r  closure switches, 
The second un i t  was a f l o o r  mounted 6-degree-of- 
The operators con t ro l  console reqcired a number of operat ional  cont ro l  
and display hardware necessary for the  operator t o  cont ro l  a manipulator 
system. A preliminary ana lys i s  i den t i f i ed  many of the  con t ro l  funct ions 
rr-quired and defined the related displays. 
been l i s t e d  i n  Table VII-12, 
Results of t h i s  ana lys i s  have 
Table VII-12 CDS/Manii 
Funct ion-Hardware 
~ ~~ 
Manipulator-Mot ion Control 
Rate Control ler  
Posi t  ion Control ler  
lator Primary Controls and Displays 
Associated Controls 
2-3 DOF Rate Haiid 
Cont ro l le rs  
1 DOF Grip @pen/close) 
6 DOF Vertical S l id ing  
1 DOF G r i p  (open/close) 
Bilateral Cont ro l le r  
Associated 
6 Jo in t  Forces 
6 J o i n t  Moment: 
Gr ip  Contact 
Grip Force 
Grip Contact 
:rip Force 
/, preliminary ccnt ro l /d i sp la>  3 : .  . was developed and reported 
in  Ref. 1 3 ,  T h i s  concept was . . JS envelope baseline for de- 
f in ing  the n.*n-interference con t ro l l e r  working volume. The major concept 
assumptions and anthropaaetr ic  d a t a  which impact the manipulator con- 
t r o l l e r  working envelopes have been evaluated and presented in Table 
VII-13. 
The primary purpose of this analys is  was t o  define the preliminary 
working vel- available f o r  a manipulator controllem configurat ion 
when using operator comfort and nominal physical  capab i l i t y  considera- 
t ions  as design g u i d e l i a s ,  Of the two con t ro l l e r  configurat ions con- 
s idered the Apcllo rate type was evaluated first. 
iden t i f i ed  t o  da t e  for this type con t ro l l e r  has been the translating 
and posi t ioning input compands required t o  con t ro l  the FFTS, 
poss ib i l i t y  a l s o  exists of using the  s m  c o n t r o l l e r s  f o r  the manipulator 
and could be v e r i f i e d  as feasible, then no addi t iona l  operator  working 
voltme would be aeeded. 
cont ro l  asswes first an  auto p i l o t  select capabi l i ty  on the ElTS and a 
high probabi l i ty  t h a t  t h e  manipulator w i l l  be operated only during the 
docked nm&. 
The priprary f m c t i o n  
SZnce the 
The use of these controllers for manipulator 
The sc;rond con t ro l l e r  considered was the 6-degree-of-frwdom vertical 
s l i d i n g  b i l a t e r a l  (force-feedback) cont ro l le r ,  This unit was evaluated 
on a scaled graphic ana lys i s  which e s t a b l i s k d  the idea l  man/machiae 
working envelope, To do t h i s  required both a side view and t op  view 
analysis. 
pa t ib le  with human engineering guidel ines  given i n  MSlC-STD-267A. 
hand-grasp cont ro l  was used t o  represent  t he  n e u t r a l  reference point  of 
the r e su l t i ng  envelope, 
Analysis r e s u l t s  deEined an available working emrelope com- 
A 
The s ide  view ana lys is  as surxnnarized in  Fig, VII- 28 shows the operator 's  
location r e l a t i v e  t o  h i ?  work environment. Such f ac to r s  as s i t t i n g  
through standing, console height,  knee clearance,  panel height ,  and 
sea t  height have been depicted. 
as  well as the most e f f ec t ive  work area for  a seated operator was in- 
cluded. With the operator standing, the eye locat ion co r re l a t e s  t o  the  
95th percent i le  male and requires  a floor adjustment of 20 cm (8 in)  f o r  
the 5th percent i le  operator. As a minimum, foot and waist r e s t r a i n t  
systems were assumed as necessary t o  hold the operator i n  the  desired 
The maximum funct ional  reach d is tances  
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Table VII-13 &n/Yachine AnthtopoaPtry Cansiderations t o  Derive Cont ro l le r  
Operating V o l w  
Function 
Anthropometry Dimeas €on 
Eye - Elbow 
5th percent i le  male 
95th perceti t i le male 
Elbou-Grip Length 
5 th  percent i le  male 
95th percent i le  =le 
Hami Rise Level 
H a d  Trans. Movement 
Rand Grasp Size (Minimum) 
(Maximum) 
Ehnd Grip Strength 
Momentary Hold (RH) 
Sustained Hold (RH) 
Value  
Acc<lranodate 5 th  th ru  
95th percent i le  male 
55.2 cm(21.8 in) 
56.4 cm(22.3 in) 
32.5 cm(12.8 in) 
37.6.cm(14.9 in) 
20.3 c m ( 8  in) 
t l 5 . 2  cnw in)  
4.8 cm(1.5 in) dia.  
7.6 cm (3.0 in )  d ia .  
28.6 Kg (63 lb) 
19.1 Kg (42 lb) 
4 = c t  
Provide comfort and 
opt- a o b i l i t y  
This data defines  the 
refrl terce poin t  of the 
controller handgrip 
Used t o  def ine  opt- 
Control ler  Grip 
Use 95th pe rcen t i l e  
dimension for design 
Stay with in  viswl 
bn-iterferences dis -  
tsnre be- ches t  & 
cont ro l  panel, 
Define controller g r i p  
configuration 
- 
location, This a l so  provides the operator some freedom t o  lean forward. 
With the operator seated, tne f ixed eve loca t ion  requi res  a seat, ad jus t -  
ment of 13 cm (4 in )  i n  the v e r t i c a l  d i r ec t ion  to  accomOrOdate the 5th 
percent i le  operacor. Phte a l s o  t h a t  the  f ron t  panel's lower edge was 
defined by the operator 's  leg dimensions. This a l l u u s  the p s i t i o n  
of the operator 's  legs  t o  be adjustable  from the  f u l l '  s t a d i n g  t o  the 
full seated configuration, 
v e r t i c a l  plane iri which the cont ro l le r  can be positioned with no d i r e c t  
physicaL interference.  
waist which i s  n17t i n  the acceptable viewing envelope. However, t h i s  
area can he used for  controls, switches, etc., t h a t  can be hand operated, 
The cross  hatched area represents  the 
The eilvelope as  shown extends below the  operator 's  
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Figure XI-28 Side View, Vertical Console Section 
The neut ra l  posi t ion reference point w a s  se lec ted  usir.g the eye t o  elbow 
and elbow t o  g r i p  dis tances  for tihe 95th percent i le  male of 57.6 c m  
(22.3 in )  and 37 cm (14.9 in). 
eye t o  elbow for the  5th percent i le  male has a di f fe rence  of mly  1.3 c m  
(0.5 in). Thus it s t i l l  provides the 5th percent i le  male a comfortable 
neut ra l  arm pos i t  ion. 
Note tha t  the l i s t e d  dimension of t h e  
I n  gene ra l ,  the  ava i lab le  volrmre can be described as a vertical cyl inder  
with a 30 cm (12 i n )  diameter, 34 CE (14 i n )  height  and a c e n t r a l  n e u t r a l  
posi t ion reference. 
The top view as shown in Fig. VII-29 indicates the horizontal relation- 
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sh ip  of the  operator t o  the console panels. I n  t h i s  layout the in t e r -  
ac t ion  of the horizontal  funct ional  arm reach, the f ixed  head viewing 
angles,  and the Fresnel-stereo screen depth have been shown fo r  a 5th 
percent i le  male. It can be seen by inspect ion of t h i s  lsyout t h a t  the  
dimensions indicated provides cr i ter ia  t h a t  can be observed i n  design- 
ing f o r  the panel width, the panel depths, and the  attachment angles f o r  
s ide  panels. The s ide  panels have separate a t t ach  points  and can be 
added o r  deleted a s  required by the mission. 
Two areas have been iden t i f i ed  on t h i s  drawing; t he  maximum reach en- 
velope and the  projected hor izonta l  plane envelope i n  which the  con- 
t r o l l e r  can be pos i t ionea.  Through inspect ion a po ten t i a l  in te r fe rence  
e x i s t s  between the FFTS a t t i t u d e  controLler and the  manipulator con- 
t r o l l e r .  
minated. 
da te  where both would be used simultaneously. 
By using a r e t r ac t ab le  con t ro l l e r ,  the  problem would be el i-  
This appears f eas ib l e  s ince  no task has been iden t i f i ed  t o  
5. Simulations 
During h i s  study dynamic simulations were conducted and are reported i n  
Appendix E. 
cated manipulator cont ro l  console fo r  evaluat ing input hand con t ro l l e r s  
and re la ted  cont ro l  and display eleuents .  
One of the  simulation objec t ives  w a s  t o  def ine a dedi- 
The developnrent of a representa t ive  dedicated manipulator console 
included the iden t i f i ca t ion  of cont ro l  condi t ions and disp lays  needed 
fo r  opt ional  manned manipulator control. A iist of these items have 
been presented i n  Table VII-14 and can be seen on the completed con- 
sole as per Fig. VII-30, 
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Table VII-14 Candidate Control and Display Elements 
* 
Rate/Sett ing High Medium Low 
Translat ion 
Rotation 
(f t /sec) 1.5 0.6 0.3 
(denlsec) 10 5 1 
Control Functions 
Posi t ion motion r a t i o  @.ranslational) 
Posi t ion motion r a t i o  (Rotational)  
Rate Control Gain a r a n s l a t i o n a l )  
Rate Control Gain (Rotational) 
Force Ratio 
Wrist Torque r a t i o  
Terminal device closure rate 
Control Mode (Posit ion or Rate) 
Hawk Mode (On/Off) 
Pan/Tilt  of TV Camera 
Automatic Camera Track (On/Off) 
TV Camera Iris, focus, zoom 
Ratio/Set t ing 
Trans la t ion  
Rotat ion 
Di s p lays I 
Stereo TV 
Nono TV 
Ians Zoom Se t t ing  
Terminal Device 
Contact ( l ight  ) 
Overdrive Condition 
Manipulator Jo in t  Angles 
Contact Forces and Moments 
% Closure 
4 
High Medium Low 
1 : l O  1:5 1: 1 
1: 1 1: 3 I 1:2 
Preliminary simulation r e s u l t s  indicated t h a t  some of the instruments 
could be eliminated from panel mounting considerat ion o r  reduced com- 
p lex i ty  due t o  redundancy of functions or  lack of use. 
Items used very l i t t le  were terminal device percent c losure,  contact  
l i g h t ,  manipulator j o i n t  angles,  and a number of the  indexing r a t io s .  
These i t e m s  were cornon t o  both types of con t ro l l e r s  evaluated; 
d i f fe rences  establ ished fo r  each con t ro l l e r  include the  following: 
The r e c t i l i n e a r  instruments t o  display the  manipulator forces  and moments 
are used €or the r a t e  con t ro l l e r s  only. However, the posit ion-type con- 
t r o l l e r  imposes a more severe volume penalty pa r t i cu la r ly  when 
locat ing it on the  o r b i t e r  f l i g h t  deck. 
6. Human Factor Considerations 
This study has emphashed the  human engineering considerations i n  
def ining the  compatibil i ty criteria necessary t o  evaluate  adap tab i l i t y  
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of operator/control console interfaces.  
t ha t  the  design of a panel layout is more complex than j u s t  arranging 
the selected control  and display hardware on a panel surface. Many 
interact ions must be considered; f i r s t  are the interact ions between 
the controls and displays and any associated interact ions with the man- 
ipulator  operator. Whenever the operator is involved in  control  and 
display functions h i s  po ten t ia l  s k i l l s  and senses mist be considered. 
Some of these include: visual, auditory, t a c t i l e ,  kioesthet ic ,  and 
motor sk i l l s .  Other areas t h a t  must be considered involve items such 
as the  environment around the  operator (atmosphere temperature and 
velocity,  noise, and open access),  and force and motion requirements, 
I n  general, the  considerations ident i f ied  d e a l t  with those having 
greatest  impact on control and display panel layout def ini t ion.  Sample 
guidelines and design fac tors  are: 
In doing t h i s  one must r ea l i ze  
Accomnodate f l i g h t  personnel a t  the CDS f o r  the  5th t o  95th per- 
cen t i l e  male using anthropometry dinrensions as per MSFC=SP)-267A; 
Adequate pane l  l ight ing and communications; 
Manual controls  act ivated by hand operation; 
Controls located within the 5th percent i le  male operator func- 
t i ona l  reach; 
Ease of o,&ration w i l l  be a primary design consideration fo r  panel 
layout ; 
Both functionaL and eff ic iency considerations w i l l  be given a 
high p r io r i ty  i n  panel design and layout; 
A prime consideration for  pane l  design and layout is consistency 
relat ionship of controls  and displays when moving from panel t o  
panel within the l imi t s  imposed by t h e i r  specff ic  requirements; 
Where there is a choice between locating a control  f o r  r i g h t  o r  
l e f t  hand operatior, ;he r igh t  hand or ien ta t ion  w i l l  have p r io r i ty ;  
Provide r e s t r a i n t  devices and adjustment capab i l i t i a s  for  s t a t i o n  
operator (s) i n  various operational modes. 
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7. FFTS Integrated CDS Panel Layout 
The pane l  layout methodology used in t h i s  study w a s  t o  match the mani- 
pulator performance requirements with control  and display functions. 
These functions i n  turn  were reduced t o  a p r io r i ty  leve, and assigned 
t o  avai lable  f l i g h t  type hardware. 
Dedicated FFTS Panel Layout shown in Fig. V Z I - 3 1  and reported i n  Ref, 12 
was used as the  s t a r t i n g  point, 
With t h i s  information the Weliminary 
The next phase Looked a t  t h i s  configuration with the intent ion of add- 
ing and de le t ing  control and display elements as derived i n  t h i s  study, 
The evolution resul ted i n  the  reconfigured panel layout shown i n  Fig, VII-32. 
a, 
the c o n t c d s  and displays required t o  operate a FFTS manipulator 
resul ted i n  looking a t  support instruments on the Control and Display 
Console layout t h a t  perform both dedicated or dual functions. 
requires the  ident i f ica t ion  of systems other than the  manipulator 
t ha t  are required t o  operate the FFTS. The FFTS can be separated 
in to  a number of p r i m  systems; visual, propulsion, guidance/nrrviga- 
t ion,  comand comrmnication, docking device and manipulator. 
Manipulator Performance Requirements - The general ir?tegration of 
This 
Y ! y  
vehicle  system concepts applicable t o  the Free-Flying Teleoperator have 
been studied during the past  decade, 
system design which included most of the above mentioaed systems ta i lored  
to  the  par t icu lar  mission/system requirements, 
sized the manipulator system, very little work was done on FETS controls 
and displays t h a t  had l i t t l e  or no impact on manipulator controls. 
review of some of the  FFTS studies  done t o  da te  @ef. 1~ 5 and 14) 
resul ted in  a preliminary system configuration descr ipt ion given in  
Table VII-15 with a number of the more feas ib le  subsystem components 
a s sued ,  
considerable future  e f f o r t  is required i n  matching mission requirements 
with system capabi l i t ies .  
Each study has resul ted i n  a f i n a l  
Since t h i s  study empha- 
A 
The assumptions -de are gross with the rea l iza t ion  t h a t  
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Figure VII-31 Preliminary Dedicated F"TS Panel 
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Figure VII-32 Reconf igured to  Incorporate Manipulator Impacts 
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Table VII-15 I;FTS Systems Sunmary 
b 
System 
Visual 
Propulsion 
r 
Electrical 
Pow r 
Guidance, 
Navigation. 
and Control 
Cocking 
lhchanism 
'Hanipulat or 
-- 
Design Conc*.pt 
Indirect viewing technique using a hybrid 
scereo-mono displays 
Primary propellant systen using fuel tanks, 
thrusters, gas tanks, and associated valves 
Storage battery system with recharge 
capability 
Actfve three-axis control systom vith error 
senstng end active control torquing about 
three axes 
Probe and drogue latching system where the 
probe ie  passive an4 drogue is aucolatcb 
Structure designed to acc-date different 
types of manipulators 
Control Punctims 
Camera selection, a8justments, and pocitioning 
(Pan and Tilt); Yonitor sezection a. 
Control of thrusters, vents and ma isolation 
valves. Display system-status. Luel. pressure 
and temperature. 
System activation and deactivation. Display 
system status: amps and volts. 
Translation and attitude controllers with mode 
selects switches. 
rate daca and gyro status. 
Arm and unlatch docking device. Display system- 
status: contact, latched, and clutch status. 
Hand controller with seven degree of freedom. 
i)isplays include status-imps. cantact. applied 
loads, and posicion select. 
adjustments 
Display, range, 8nd range/ 
Basic manipulator C6D elements are  l i s t e d  in  Table VII-14. 
of the  simulations t h i s  list has been narrowed dovn to a more optimum 
grouping of control  and display elements. 
t o  satisfy the  C O ~ t i O l  and display requirements is shm i n  Table VII-16 
along v i t h  gewtraS ra t iona le  for its selection. !Ibis Table shows 
both cont ro l I? r  options and the commonality between the  panel mounted 
c-atrol  and display hardware. 
number of control azd displsy items,kith the  exception of the  manipu- 
l a to r  forces and momnts display, are required for both concepts, 
As a r e s u l t  
The type of hardware needed 
As indicated i n  t h i s  Table the  same 
Rectil inear instrument displays with fixed scales and moving pointers 
were selected for displaying En ipu la to r  forces and nmcents, 
Selecting t h i s  type of display presented in te res t ing  areas i n  humac 
engineering. 
a mixed arrangement of r ec t i l i nea r  instrument displays. Three 
arrangements of r ec t i l i nea r  d i s p l a y s  
parallel vertical, pa ra l l e l  hLbrizonta1 and a mixed vertical and hori-  
zontal arrangement. 
was used so t ha t  a quick visual check along the  pointers would indicate 
One i n  par t icu lar  was determining the  effect iveness  of 
were investigated; 
For each arrangement a uniform set of scales 
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Table VII-16 Manipulator Control and Display Type Hardware and Select ion Rationale 
Control or Display 
Translation Rate Con- 
t r o l  & Rotational Rate 
Contro 1 
Jo in t  Braking 
Force Ratio 
Torque Ratio 
Jo in t  Forces 
Jo in t  Moments 
Hazard Avoid 
(2) Pc,ition Control lers  
Position Control Ratio 
Posit ion Control Ratio 
Jo in t  B r a k i x  
Force Ratio 
CTrans. 1 
mot. 1 
I 
Tvw Selected 
Honeywell Apollo Type Trans- 
l a t ion  and Atti tude Controller 
3 posi t ion toggle switch on 
panel or hand cont ro l le r  
Push button rnatrix (lighted) 
Rotary Pot 
Rotary Pot 
Rectilinear , moving point 
centered 
R e c t i l i m a r  , moving point 
centered 
Toggle Switch, and Light 
New Ver t ica l  Sl iding Bi la te ra l  
C ont r o 1 le r 
3 posit ion toggle switch 
on p a n e l  o r  hand cont ro l le r  
Push Button Matrix (lighted) 
Rotary Pot 
Rotary Pot 
Toggle Switch and Light 
Rat ioblzle 
These ccn t ro l l e r s  are 
su i tab le  3-axZs and 
space qual i f ied  
Gang on one swicch for 
simplici ty  
Common Spacecraft Hdw. 
Multiple Indexing Capa 
b i l i t y  
Mult iple  Indexing Capa 
b i l i t y  
Quick Detection 
Quick Detection 
Comnon Spacecraft Hdw, 
6-axis controller for  
single hand operation 
Gang on one switch for 
simplici ty  
Conmon Spacecraft Hdw, 
Multlple Indexing Ccpa 
bi l i t y  
Multiple Indexing Capa 
b i l i t y  
Common Spacecraft 
Hardware 
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any off-nominal conditions, 
approach was the operator's t ask  requirement of motitoring ease and 
rapid detection of system changes. The most important conclusion drawn 
from the work deals with the rea l iza t ion  of the need for  more research 
on standardization of Shuttle payload control panel layouts. Howewer, 
the study trends indicate very l i t t l e  difference between the all ver- 
t ical  o r  horizontal arrangement. 
arrangement did not lend itself t o  as rapid a system change detection 
as the other two. Based on t h i s  information se lec t ion  of vertical or 
horizontal displays w a s  established as a function of panel location 
relative t o  the TV monitors. 
pane l  locations above the TV monitor while v e r t i c a l  displays were 
recomnended fo r  panel locations on e i t h e r  s ide  of the monitor. Results 
of t h i s  evaluation were consistent with those of previous research per- 
formed and reported in Ref. 5. 
study shculd +5e conducted t o  determine whether perceptual grouping or  
change i n  orientation contributes more t o  optimizing panel layouts 
when task  time and reduction of readout e r ro r s  are prime evaluation 
par;uneters. 
The primary consideration relative t o  t h i s  
It was a l so  found tha t  the mixed 
Horizontal displays were recomDelvfed for 
The problem st i l l  remains and fur ther  
b. 
the Shuttle orb i te r  a d  the CDS are primarily the two designated spec- 
ia l is t  s ta t ions  on the  f l i g h t  deck of the o r t i t e r .  
tha t  the volume for the CDS t o  provide the required da ta  for the 
specific missionwill  have been previatsly allocated, 
the functional requirements t o  a large extent d i c t a t e  the  hardware, 
which in turn d i rec t ly  a f fec ts  the s ra r ion  configuration. 
onmental impact of considerable in t e re s t  is the thermal and the illum- 
ination/display changes which occur continuously as the o rb i t e r  cycles 
from darkness t o  d i r ec t  sunlight. 
t h e  FFTS may be somewhat d i f fe ren t  from those tha t  may be used with t h e  
Spacelab and experiments @EF and BESS). 
Projected CDS/Shuttle Orbfter Interfaces - The interfaces between 
It is anticipated 
As v i t h  any CD station, 
One emir- 
The manipulators associated with 
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Soae of the more co~pm~n interfaces and potential system impacts are 
presented in Table VII-17. 
r 
Vehicle 
Shuttle 
Orbiter 
.ble VII-17 Shuttle Integrated CDS Interfaces 
Payload special is t  s t a t  ion 
Mission specialist s ta t ion 
Flight deck 
Shuttle ancillary equipnma 
-tins 
Electrical (pawer) 
Ermirolmmntal (thermal, 
vibration, etc) 
Restraints 
Comrmnicat ion equipment 
Man/machine 
(voice and video) 
Manipulators (controls, 
Data management 
displays) 
System Impacts 
Available volurme and functions w i l l  
Available voluae and functions wlll 
Shutt le-imposed requir-nts 
Functional requirements- w i l l  d ic ta te  
Complete dsrk-ss t o  direct  eunlight 
Assure compatibility 
Design per Shuttle specifications 
impact design 
impact design 
hardware 
Lap and feet locations 
Riue consideration for compatibilit 
Anthropoleetry for 5 t o  95 percentile 
Assure compatibility 
male 
Compatible with data bus and display 
systea 
Since the  payload specialist station on the Shuttle orbiter is one of the 
most res t r ic t ive  ES t o  available volume, it was selected as an example 
of how t h e  panel configuration sham in Fig. VII-32 would look in the 
Shuttle (Fig. VII-33). 
is approximately 12,900 sq un (2,000 sq in). 
have t o  be located and restrained i n  the interdeck access openings. Baw- 
ever, additional options may develop from on going NASA studies. 
With t h i s  arrangement the panel  surface qrea providhd 
As can be seen the operator vould 
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Figure VII-33 Payload Specialist Work Station 
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VI.11. CON: LUSIONS AND REXOPNENDATIONS 
1. 
A preliminary design of a manipulator sys teu  
Teleoperator Spacecraft  operat ing i n  conjunction with t h e  Shu t t l e  o r  
Tug, was completed. The manipulator s y s t e m ,  when developed f o r  space 
appl ica t ions  i n  t h e  near fu tu re ,  w i l l  provide an e f f e c t i v e  method f o r  
se rv ic ing ,  maintaining, and r epa i r ing  s a t e l l i t e s  t o  increase t h e i r  
usefu l  l i f e .  
appl icable  t o  a Free Flying 
The prelim!-nary design i s  wi th in  today's s ta te -of - the-ar t  a E  r e f l ec t ed  
by t y p i c a l  "Off-the-shelf" components s e l ec t ed  fo r  the design. 
The manipulator system incorporates  a new, but  s i m p l e ,  con t ro l  technique 
re fer red  t o  as  t he  range/azirmrth/elevation rate-rate cont ro l  system. 
This  method was se lec ted  based upon the  results of man-in-the-loop simu- 
l a t  ions. 
The study iden t i f i ed  several areas i n  which emphasis must be placed 
pr ior  t o  the development and f i n a l  design of the  manipulator system. 
These areas are i ten ized  below. 
Man-in-the-Loop S i m l a t  ions 
The simulations conducted during t h i s  study were pr imari ly  d i r ec t ed  
toward evaluat ions of var ious con t ro l  modes f o r  se rv ic ing  and maintenance 
type tasks. Although many reconanendat ions concerning o ther  system para- 
meter values have been made, i t  is suggested t h a t  add i t iona l  man-in-the- 
loop s ini i la t ions be performed t o  f i n a l i z e  system parameters and e s t a b l i s h  
t o t a l  manipulator system ope ra t iona l  cha rac t e r i s t i c s .  
con t ro l  modes should be evaiuated when considering other  t a sks  t o  a s su re  
that the  technique recommended i n  t h i s  repor t  is s t i l l  t he  optimum system 
(note t h a t  t he  preliminary design of the  manipulator presented i n  t h i s  
repor t  does not prohib i t  t h e  implementation of o ther  con t ro l  techniques). 
Other candidate  
V I 1  I- 1 
It is a l s o  recomnended t h a t  fu r the r  man-in-the-loop s iuu la t ions  be per- 
formed t o  e s t a b l i s h  the following: 
tasks  ; s p e c i f i c  required operat ing parameters ; optimum cont ro ls  and 
d isp lays  (size,  tyFe, locat ion);  and s p e c i f i c  rate hand c o n t r o l l e r  char- 
a c t e r i s t i c s ,  including possibly the  eva lua t ion  of 3 degree of freedom 
isometric type rate con t ro l l e r s ,  
simulations were "Apollo-type" and found t o  be " too-st i f f ' '  as these con- 
t r o l l e r s  were designed t o  provide the  astronaut  with a desired f e e l  
c h a r a c t e r i s t i c  while wearing a pressurized s u i t ,  
opera t iona l  procedul-es f o r  doing a l l  
Note t h a t  t he  con t ro l l e r s  used i n  the  
Simulatior, da t a  from these s i m l a t i o n s  w i l l  r e s u l t  i n  meaningful t a sk  
t imel ines  m d  manipulator ac tua tor  duty cycles. 
v ide  d a t a  f o r  the thermal aspects and power requirements of the  manipu- 
l a t o r  system. 
These areas w i l l  pro- 
2. M a n i p l a t o r  System Dynamic Analysis 
A mathematical model of t h e  manipulator system should be developed t o  
enable a de ta i l ed  ana lys i s  of the dynamic response of the  system. 
cause of the  non l inea r i t i e s  inhererd i n  manipulators, t he  s t a b i l i t y  
of t he  cont ro l  system/manipulator i n t e rac t ions  must u l t imate ly  be ve r i -  
f i ed  by means of a computer, programed with mathematical models of both 
the con t ro l  system and the  manipulator dynamics. 
Be- 
3. I-g Manipulator Design Analysis 
An analys is  of the preliminary design of the  0-g manipulator should be 
conducted t o  determine the modiflcations required t o  operate  the  mani- 
pulator  i n  a 1-g environment. 
would be t o  minimize modifications t o  the  Qg manipulator design, such 
t h a t  ground tests conducted w i l l  provide a high l e v e l  of confidence i n  
u n i t  performance, design adequacy, and operator adaptab i l i ty ,  
The primary object ive of the ana lys i s  
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4. 
5. 
D e t a i l e d  Actuator Trade St.udies 
The preliminary a c t u a t o r  designs can be optimized from s e v e r a l  p o i n t s  
of view. The a d d i t i o n a l  s imula t ion  d a t a ,  providing r e a l i s t i c  duty 
c y c l e s ,  can be incorporated i n t o  a des ign  which may possibly r e q u i r e  
less power and hence, reduce a c t u a t o r  weight and thermal c o n t r o l  com- 
p l e x i b i l i t y ,  i f  required.  
Addit ional ly ,  it is recommended t h a t  a prototype a c t u a t o r  assembly be 
b u i l t .  E m p i r i c a l  measurements on a dc torque mcrtor w i t h  i t s  gear  head 
and load o f t e n  provides more u s e f u l  information t h a n  t o  t r y  t o  use t h e  
b a s i c  motor s p e c i f i c a t i o n s  i n  conjunct ion  w i t h  known load and gear  head 
c h a r a c t e r i s t i c s .  Measureoaents on t h e  motor i n  t h e  system w i l l  provide 
parameters descr ib ing  t h e  a c t u a l  system. Thus, t h e  f r i c t i o n  and wind- 
age of motor bear ings,  brushes,  and load parameters are automat ica l ly  
lumped i n t o  one constant .  Hence realist ic d a t a  incorpora t ing  both 
a c t u a t o r  duty c y c l e s  and t h e  phys ica l  components can be obtained. 
Incorpora t ion  of Brakes w i t h i n  t h e  C o n t r o l  System 
The preliminary d e s i g n  provides " f a i l - s a f e "  brakes which are manually 
operated except  i n  t h e  event  of an FFTS. power f a i l u r e  when they are 
automatical ly  ac t iva ted .  Cons idera t ion  should be given t o  t h e  incor-  
pora t ion  of t h e  braking system w i t h i n  t h e  c o n t r o l  system. This  tech-  
nique may provide some advantage t o  t h e  o v e r a l l  o p e r a t i o n a l  aspects 
of t h e  manipulator system. 
The " f a i l - s a f e "  brakes consume power when released.  
s i n c e  t h e  manipulator a c t u c t o r s  r e q u i r e  power during per iods i n  which 
c o n t r o l  connnands are not issued (as a r e s u l t  of b a c k d r i v e a b i l i t y )  more 
power i s  required.  
a c t i v a t o r  power requirements might be s i g n i f i c a n t l y  reduced w i t h  t h e  
brakes cont r o  1 led a u t  omat i ca 1 l y  . 
Addi t iona l ly ,  
Therefore ,  both t h e  brake release "holding" and 
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7. 
FFTS Integrated System Trade Studies 
Trade s tudies ,  based upon the t o t a l  FFTS system should be conducted 
t o  provide a r e l a t i v e  basis  fo r  a l loca t ion  of power, weight, volume, 
acceptable EM1 levels ,  e tc . ,  t o  the various FFTS subsystems. These 
a l loca t ions  w i l l  enable the proper emphasis t o  be placed upon the 
manipulator subsystem during the development and f i n a l  design phases. 
Def in i t ion  of FFTS/Satell i te In te r faces  
The in t e r f aces  between the FFTS and the satel l i tes ,  i n  the a reas  of 
t he  docking device and work site, have not been defined a t  present. 
These depend highly on the  satell i te ove ra l l  design and the awareness 
of t he  satell i te designer on the a v a i l a b i l i t y  of the  FFTS for  maintain- 
ing the  satell i te.  
ge t  with the  "satell i te user" comaunity t o  e s t a b l i s h  compatible in t e r -  
faces  without s ign i f i can t ly  impacting the  user 's  sa te l l i t e  design. 
It is therefore  reconanended t h a t  FFTS designers  
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APPENDIX A - SIX DEGREES OF FREEDOM MANIPULATOR ANALYSIS 
R o 1  
1. Introduction 
~n analysis was conckcted to establish the preferred six degrees 
of freedchi manipulator configuration as a result of the numerous combi- 
nations of articulated and extendable joints that are possible with a 
six degree of freedom manipulator system. In general, to provide the 
general purpose manipulator w ~ t h  the capability of positioning the 
end-effector in any positicin 33: attitude, three translational and three 
rotational degrees of freedom are required. Additional joints are re- 
dundant and are only required to meet special situations (e.g., singu- 
larity agoidance, stowage limitations, etc) . 
The manipulator system was divided into two distinct areas, namely 
three degrees of freedom translation and three degrees of freedom rota- 
tion. This was based on manipulator control considerations in which 
separation of the translational and rotational variables results in an 
overall Jimpler system. 
2. Translational Considerations 
Figure A-1 - Coordinate System Reference 
A- 1 
A matrix o f  base and elbow ro ta t ions  f o r  a two segment arm are 
shown i n  Table A-1. The tab le  l i s ts  only two motions a t  the base, s ince  
t h i s  i s  the minimum number of motions required to  m e  the elbow on a 
sphere of radius L1, and a s ingle  ro t a t ion  o r  extension a t  the elbow. 
Referring t o  Table A-1, a number of matrix locat ions are obviously im-  
practical. For example, any two i den t i ca l  j o i n t s  a t  the shoulder are 
e s s e n t i a l l y  the  same as one jo in t .  
allow posi t ioning of the elbow anywhere on the  sphere of radius  L1 t o  
achieve f u l l  volume coverage. Thus, combinations with r o l l  as the second 
base gimbal can a l so  be imnediately eliminated. Additidnally,  severa l  
matrix locat ions were eliminated due t o  the following problems: 
ical  volume about the f i r s t  ax i s  t h a t  cannot be reached; 2) r o l l  does not 
move the wrist; 3) elbow or end-effector moves only i n  one plane; 4) 
shoulder and elbow move only i n  the same plane; 5)  two extensions i n  a 
row i s  the same as one, o r  6 )  elbow moves only i n  the  plane of the FFTS. 
In  some cases two or  more of the problems may apply t o  a given combina- 
t i on ,  but only one was used f o r  elimination. 
Furthermore, the  shoulder j o i n t  must 
1) spher- 
The r e s u l t s  of the  ana lys i s  are summarized i n  Table A-2 .  It should 
,f noted t h a t  whether a r t i c u l a t i o n  o r  extension a t  the elbow is se lec ted ,  
the four configurations i n  each row are iden t i ca l  except f o r  mounting 
locations.  Thus, i f  a preference f o r  elbow extension o r  a r t i c u l a t i o n  
is  es tab l i shed ,  only a s ing le  configurst ion vi11 remain. 
The d e s i r a b i l i t y  of an extendable o r  a r t i cu la t ed  elbow was investi- 
gated. 
s iderable  reach advantage over the extendable elbow. Basical ly ,  the 
a r t i cu la t ed  elbow provides continuous reach from zero t o  i t s  maximum 
length,  while the extendable elbow minimum range i a  l imited t o  approxi- 
mately 1 / 2  its maximum reach. 
preferred technique, and the baselined sequence, assuming the manipulator 
i s  mounted on the top of the FFTS, is yaw-pitch-pitch. 
A s  i l l u s t r a t e d  i n  Figure A - 2 ,  the a r t i c u l a t e d  elbow has a con- 
Therefare, the a r t i cu la t ed  elbow i s  the 
A- 2 
Table A-1 - Two Segment Manipulator J o i n t  Matrix 
1)  Spherical  volume about the  
f i r s t  ax i s  t h a t  cannot be 
reached. 
2) Roll does not move the 
w r i s t .  
3) Elbow or end-effector  
nloves only i n  one plane. 
4) Shoulder and elbow move 
only i n  the same plane. 
5 )  Elbow moves only i n  the 
plane of the  FFTS. 
Le Re nd 
Two i d e n t i c a l  j o i n t s  i n  
sequence is  the  same as 
one (base o r  elbow); o r  - Roll a t  the  becond base 
j o i n t  does not m v e  the 
elbow. 
L/ Ac?eptable Sequencer, 
A- 3 
Table A-2 - Acceptable J o i n t  Sequence Sunanary 
I Elbow Ar t icu la t ion  ! Extens ion Base 
Pitch Extend 
3. Rotational Considerations 
The second p a r t  of the inanipulator j o i n t  order ing dea ls  with rota-  
t!on or a t t i t u d e  alignment of the  end ef fec tor .  
t o r  w r i s t  should provide only ro t a t ion  a t  the  t i p  with no t rans la t ion .  
Also, contir'uous ro t a t ion  of the w r i s t ,  a des i rab le  fea ture ,  is most 
e a s i l y  p r a i d e d  i f  r o l l  is the last  jo in t .  Tnus, the  p i tch ,  yaw, and 
r o l l  axes of ro t a t ion  and the end e f f ec to r  t i p  mst be coincident  a6 
shown i n  Figure A-3. 
mechanical bulk surrounding the end e f f ec to r  jaws which leads to  i n t e r -  
ference problems. 
Idea l ly ,  t he  nranipula- 
This configuration is impract ical  due to the 
The next a l t e rna t ive  is t o  a l i g n  two axes of ro t a t ion ,  p i t ch  and 
yaw for example, and accept the t r ans l a t ion  or take out  the t r ans l a t ion  
using con:.rol logic.  i n  t h i s  configuration, shown in Figure A-3, the  
amount of t r ans l a t ion  for  each axis is  the same but the configurat ion 
is cumbersome with l imited j o i n t  travel. 
Tke th i rd  case is where the axes of ro t a t ion  are separated. This 
configuration is the l i g h t e s t  weight and simplest  of the  three  config- 
urations and t h e  volume near the  end e f fec to r  jaws i s  not  occupied by 
Arm Ienpth I 
Elbow Joint Angle, 0 (degj 
6 
3 
0 
1 2 3 
Min, Iength b) 
Figure A-2  - Extendable vs Articulated Reach 
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the  jo in t  drives. 
manipulator system and the sequence selected is pitch-yaw-roll. 
is selected as the last gimbal t o  provide a continuous end-effector 
ro ta t iona l  capabi l i ty  and pi tch is selected 88 the f i r s t  gimbal as a 
r e s u l t  of potent ia l  control advantages based on the f a c t  t ha t  shoulder 
and elbow pi tch simbals immediately precede the  wrist. 
*is in l ine  configuration is preferred f o r  the PFTS 
R o l l  
4. Slmmslnr 
The preferred s i x  degrees of freedom manipulator configuratfon con- 
sists of a yaw-pitch gimbal sequence a t  the base, a p i t ch  gimbal at  the 
elbow, and a pitch-yilw-roll gimbal sequence a t  the wrist. 
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APPENDIX B - STATIC AND DYNAHIC MANIPULATOR ANALYSIS 
1. Introduction 
. The strength of a manipulator can be characterized i n  two ways. 
F i r s t ,  one could measure the forces such a device can exert on any 
p a r t  of the surroundings t o  which it i s  anchored. 
such forces is ca l led  the static force capabi l i ty  cf the  manipulator. 
Second, as manipulators are also used t o  t ransport  objects ,  one could 
measure the accelerations the arm can impart to various masses, and, 
a f t e r  multiplying by the mass of the object ,  a r r ive  at the dynamic 
force capabi l i ty  of the manipulator. In general, the  dynamic and 
static force capab i l i t i e s  a r e  d i f f e ren t ,  .as i l l u s t r a t e d  by the follau- 
ing simple example. 
The c o t a l i t y  of a l l  
Consider a single j o i n t  manipulator of length L and mass M capable A 
of del iver ing a maximum torque T. 
ibrium with a force F 
Figure B-l(b). For static equilibrium 
This device is shown i n  static equi l -  
% in 
T = FSL (1) 
i n  Figure B-l(a) and accelerat ing a mass S 
and conservation of angular momentum requires 
Figure B - 1  - Single-Joint Manipulator 
B-1 
where the m m n t s  of i n e r t i a  of both the arm a d  the payload about 
t he i r  mass centers  have been neglected. 
is Le",  and when multiplied by % t o  obtain the dynamic force, r e s u l t s  
i n  
The tangent ia l  accelerat ion 
FD = %Le" = T 
(3) 
Re;rlacing T by FsL from Eq. (1) and rearrangins terms, the dynamic/static 
force r a t i o  becomes 
This re la t ionship is plot ted i n  Figure B-2. 
- FD 
FS 
A I 1 I 1 I I I 1 1 J 
0 1 2 3  4 5 6 7 8  9 1 0  
'p'% 
Figure B-2 - Force Ratio for Single-Joint Manipulator 
8-2 
Based on Eq. (4) and Figure B-2, i t  is  seen tha t  fo r  payload 
masses three o r  more times greater  than the am mass, the s t a t i c  and 
dynamic force capab i l i t i e s  are e f fec t ive ly  the same. For mass r a t i o s  
.ss than three,  the dynamic force capabi l i ty  i s  noticeably less than 
-ts static counterpart. 
fsrce requirement is dominant, but for  %/Ma, < 3, the  static force 
requirement is su f f i c i en t  . 
I n  other words. i f  %/MA 2 3 the  dYmiC 
In  demonstrating tha t  s ign i f icant  differences can e x i s t  between 
static and dynamic s t rength,  the foregoing example r a i se s  the question: 
Should one base manipulator j o i n t  torque requirements on a static or a 
dynamic force capabi l i ty? To answer t h i s  questior., one rmst appeal t o  
the primary function of the  manipulator. 
is intended primarily t o  t ransport  very massive objects ,  it would seem 
reasonable to  base the design on dynamic considerations. I n  so doing, 
one cou'd e3sure the  appropriate accelerat ion levels and thereby avoid 
unreasonably long t a sk  times. 
w i l l  be used, most of the t i m t  * 3  retrieve and serv ice  r e l a t i v e l y  
light modules from a spacecraft ,  then the  prudent course would be to  
insure an appropriate static force capcbi l i ty .  This is  based on the  
l ikelihood tha t  a manipulator, su f f i c i en t ly  s t rong t o  overcome static 
f r i c t i o n  forces between module and spacecraft ,  w i l l  have adequate 
s t rength t o  t ransport  the object a t  a reasonable rate. 
For example, i f  the device 
On the  o ther  hand, i f  the manipulator 
In what 'follows, both the static and dynamic cha rac t e r i s t i c s  of an 
FFTS-type manipulator are examined. 
manipulator s t rength i n  terms of static force capabi l i ty  and then ex- 
amine the resu l t ing  dynamic capabi l i t i es .  This was done not only be- 
cause the FFTS manipulator is intended primarily fo r  module retrieval, 
but because static force requirements are generally easier t o  define.* 
It w a s  decided t o  character ize  
* 
When j o i n t  torques a re  t o  be based on a dynamic requirement, one nust  
f i r s t  s e l ec t  a representative task and a reasonable task time. 
the accelerat ion Capabi l i t ies  of a manipulator depend on j o i n t  rates 
and posit ion,  as w e l l  as whether simultaneous Or sequent ia l  j o i n t  moo 
t iona a re  used, it is d i f f i c u l t  t o  decide what cons t i t u t e s  a repreeen- 
tative task and a reasonable Lask time (and thus avoid over or under 
designing the manipulator). 
Because 
B- 3 
2. 
Further,  as w i l l  be shown, i t  is  possible to  guarantee a minimum static 
force capabi l i ty  f o r  any manipulator, regardless of force d i rec t ion  and 
point of appl icat ion within the  work volume of the manipulator. 
Static Force Capabili ty of Manipulators 
The magnitude of a force tha t  a manipulator can exer t  on i t s  sur- 
roundings depends on the j o i n t  torque capabi l i ty ,  manipulator configura- 
t ion,  and the d i r ec t ion  of the force. 
search f o r  a manipulator configuration and force d i r ec t ion  which r e s u l t s  
i n  a minimum force magnitude. 
select jo in t  torques to produce a desired force magnitude and be assured 
of a t  least the desired magnitude €or any other  configuration and force 
direction. 
It is therefore  reasonable t o  
I n  finding such a combination, one can 
In locat ing the "weakest" configuration, i t  is  assumed tha t  a mani- 
pulator  i s  composed of any number of ann s e p n t s ,  interconnected by 
one, two, o r  three degree-of-freedom jo in ts .  Associated with each j o i n t  
gimbal is a motor capable of producing torques about the gimbal axis. 
One such manipulator in equilibrium with a t i p  force 
B-3. 
produce tha t  component of the  j o i n t  torque whic5 is parallel t o  the motor 
axis; the remainder being supported by the gimbal s t ructure .  The motor 
torques w i l l  be g rea t e s t  when a l l  the ann segments and the  f m c e  vector  
l i e  i n  the same plane. 
B-3, 
is shown i n  Figure 
Now,itcan be shown tha t  equilibrium requires  only t ha t  each motor 
For equilibrium of the system depicted i n  Figure 
- - - 
TX = - P ,  x F ( 5 )  
Figure B-3 - Multi-Joint Manipulator 
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from which i t  follows tha t  7 w i l l  be maximized s iml taneous ly  fo r  a l l  
x when the manipulator is f u l l y  extended and the force vector  i s  perpen- 
d icu lar  t o  the extended arm. Conversely, a manipulator which when f u l l y  
extended with each jo in t  containing a motor axis perpendicular t o  the 
arm, and a l l  such motor axes are parallel t o  one another, can exert a 
force of magnitude, 
motor axes and the extended arm; then the same manipulator w i l l  be able  
t o  exert a force of a t  least a magnitude FM, while i n  any other  config- 
urat ion and i n  any other  d i rec t ion  i n  which the  t i p  can move. 
example of a "weakest" manipulator configuration is shown i n  Figure 
€5-4. 
X 
i n  a d i rec t ion  perpendicular to  both the aligned FMs 
An 
Figure B-4 - 'Weakest" Configuration of a Manipulator 
The existence of a %eakest" configuration for a l l  a r t i cu la t ed  
jo i rd  manipulators affords the designer a s ingle  c r i t e r i o n  f o r  mani- 
pulator strength comparisons, namely the minimum t i p  force. The 
minimum t i p  force is the maximum force (normal to the arm) tha t  can 
be applied by the t i p ,  on the environment, when the manipulator is 
i n  i t s  weakest configuration. 
Although a manipulator w i l l  most l i ke ly  be designed fo r  a spec i f ic  
minimm t i p  force, it is  worth examining what t i p  forces are avai lable  
i n  configurations other than the weakest. Typical var ia t ions  in t i p  
B- 5 
force with t i p  pos i t i on  are exhibi ted by the  three- jo in t  manipulator 
shown i n  Figure B-5. 
the  same plane and torques T 
w r i s t  j o i n t s  respec t ive ly ,  maintain the  arm i n  equi l ibr ium w i t h  a 
force,  F, a l s o  i n  the  plane of t he  arm. It is also assumed that each 
j o i n t  contains  a motor with an axis perpendicular t o  the plane of the  
arm. It follows that t h e  plane depicted i n  Figure B-5 is t he  weakest 
plane of the  manipulator, 
It is assumed that the three  arm segments l i e  in 
T and 5 a t  the  shoulder,  elbow and 
S’  E 
F 
Figure B-5 - Three-Joint Manipulator 
The equations of equi l ibr ium are: 
B-6 
To keep matters simple, we s h a l l  consider only those configurat ions i n  
which the end e f f e c t o r  l i es  on the l i n e  connecting the shoulder t o  the 
w r i s t  j o i n t  (i.e.,  8, = 0). Equations 6 - 8 reduce t o  
\ = F . 8 s i n  8 ,  
- FL K-zz cos 8 F = F(R/2 + a >  s i n  oF TE 
where R is the d is tance  between the  shoulder and w r i s t  j o i n t s  
The j o i n t  torques are determined by i n s i s t i n g  the manipulator be 
capable of exer t ing  a t  least a t i p  force  FM i n  a l l  d i r ec t ions  and a t  
a l l  points  wi th in  the reach envelope, 
placed i n  i t s  weakest configurat ion ( 6  = 0, 8, = 90°, and R = 2L) 
for which Eqs. 9, 10 and 11 y ie ld  
Toward t h i s  end, the arm is 
E 
where 
elbow, and shoulder j o i n t s  respect ively.  
TEM, TSM represent  the maximum torque capab i l i t y  a t  the wrist, 
A t  t h i s  point ,  i t  i s  noted t h a t  the equilibrium equations 6 - 8 or 
9 - 11 do not involve the shoulder angle 8,. This means t h a t  the  force 
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c a p a b i l i t y  f o r  a l l  po in ts  i n  the weakest plane can be determined simply 
by exsrnining the  va r i a t ions  i n  F with R and 8 
venient  t o  form the  following r a t i o s  using Eqs. 9 - 15. 
I n  so doing, i t  is con- F' 
3 
%*. 
- = f s i n  8, 
m 
IS = '1+&, = ( p + j R )  s i n  eF 
where 
f = F/FM ( 1 9 )  
a = 1 / 2 L  R 
It follows t h a t  the  torque capab i l i t y  of t he  arm w i l l  be exceeded 
i f  any of the r a t i o s  i n  Eqs. 16 - 18 exceed uni ty .  Thus, the force  
capab i l i t y  of the  manipulator can be determined by s e t t i n g  each of the  
j o i n t  torque r a t i o s  equal  t o  un i ty  and solving for t he  corresponding 
value of f .  I n  o ther  words 
$J = U s i n  8, 
1 + 2 1 ,  
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1 +a,  
The subscr ipts  W ,  E ,  and S denote the force r a t i o  t h a t  l i m i t s  the 
torque capabi l i ty  a t  the w r i s t ,  elbow, and shoulder j o i n t  respect ively.  
The force capab i l i t y  corresponding t o  a p a r t i c u l a r  value of P and 8 is  
therefore  the smallest of the  three values given by Eqs. 22 - 24. F 
I n  passing, i t  i s  noted t h a t  because jR and P w i l l  a-ways be less 
than o r  equal to unity,  F w i l l  always be g rea t e r  than o r  equal t o  F 
S W 
(as long as 8 This means t h a t  for a l l  configurat ions of the mani- 
pulator  with the end e f f e c t o r  aligned with the l i n e  connecting the  shoul- 
der  and w r i s t ,  the elbow or w r i s t  torque i a p a b i l i t y  w i l l  b-9 2xceeded 
before the shoulder torque and hence Eq. 25 can be eliminated from 
fu r the r  consideration. The smaller of the two values ,  F and F is 
plo t ted  i n  Fjczure B-6 f o r  various OF and P. 
= 0). W 
W E' 
The r e s u l t s  i n  Figure B-6 ind ica te  t h a t ,  f a r  force  d i r ec t ions  o ther  
than perpendicular t o  t'ie end e f f ec to r ,  tt e ,nanj.oula;or general ly  becomes 
stronger as it  approaches the outer  l i m i t s  02 {ts reach envelope. 
i s  the so-called "toggle e f fec t"  where extremely high forces  can be pro- 
duced by r e l a t i v e l y  low j o i n t  torques f o r  t h i s  type cf linkage. 
a l s o  noted t h a t  the  values  of P where the curves are horizontal  corres-  
pond t o  configurations where the wrist motor is producing it# maximm 
torque and the elbow and shoulder motors are producing less than peak 
values. The curved port ions of the p l o t s  correspond to configurat ions 
i n  which the elbow j o i n t  torque is l imited and the o ther  two are below 
peak values. 
This 
It is 
3. Dynamic Capabili ty of Manipulators 
Having determined the j o i n t  torque requirementc considtent  with a 
minimum s t a t i c  t i p  force capabi l i ty ,  FM (see Eqs. 13 - 15) ,  i t  is  nece8- 
sary t o  inves t ipa te  the  dynamic behavior of t he  system t o  insure  these 
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Figure B-6 - Sta tkc  Force Capabili t)  for a Three-Joint Phnipulator 
torques prwride adequate acce lera t ion  levels. As before,  the  inveptiga- 
t i on  w i l l  be confined t o  motions wi th in  the  weakest plane of the  mad- 
pulator  . 
The syetem t o  be s tudied cons ie t s  of a r i g i d  payload attached to  a 
th ree- jo in t  manipulator as e h m  i n  Figure B-7.  
attached t o  the  end e f f e c t o r  of length 1 a t  a point  A. 
The payload Is r i g i d l y  
The combined 
8-10 
I 
F 
.1 Frame 
Figure B-7 - Three j o i n t  Manipulator With Payload 
mass of the  end e f f e c t o r  and payload is % and the  combined mars cen te r  
P , is  located r e l a t i v e  t o  A by the pos i t ion  vector, D. The upper and 
iower arm segments are of length L and mass M1 and %, respect ively;  
t h e i r  IMSS centers  are presuned to  coincide with t h e i r  geometric centers .  
The moments of i n e r t i a  of the  three  bodies relative t o  t h e i r  mass cen te r s  
* - 
and normal t o  the plane of motion are 11, 12: and Ip, respect ively.  
Mutually perpendicular v n i t  vec tors ,  N 
- 
an N2, rotate with the end e f -  - 1 
fec to r  as s h m  i n  . B-7 snd, for coavenience, D is wr i t t en  
- - - 
D = DINl + D2N2 
It  is assumed t h a t  the body to  which the manipulator is anchored is 
cmsiderably  more massive than the cmbincd manipulator and payload, and 
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therefore t h i s  body is  presumed t o  be i n e r t i a l l y  fixed. The or ien ta t ion  
of the upper arm re l a t ive  t o  the i n e r t i a l  frame I s  given by 8 
angle between the 1-r and upper aim is 8 
the end e,fector and lower arm. F i a a l l y ,  torques T 
sured t o  ac t  a t  the shoulder, elbow, and w r i s t  j o in t s ,  respectively. 
the 3' 
and ow is the angle betreen E; 
TE, and \, are pre-  s '  
The equations of motion governing the three joint augles have bee0 
derived using Lagrange's equations; the r e su l t  can be written 
+ A 2 + A  + 2 F E + 2 F  + 2 F m  ]"S 8 + [ 2  A + A  3 + F  E + 2 F W + F E W  3 W 
.. 2 
3 w -  + F  + F w  ] e s + r A ) + ~ w ] e C + ~ 3  e,- i, (%+cEw) 
2 
where 
B-l? 
2 
A1 = I1 + (5/4 + M2 + F$)L 
A2 = I2 + (3 14 + '2 %L 2 2  
1 Fw = MpL [( j +  D1) cos 6w - D s i n  6, 2 
Equations 25 - 27 can be used i n  two ways. F i r s t ,  i f  one has in 
mind a par t icu lar  task t o  be accomplished, it is  possible t o  der ive the 
appropriate time h i s t o r i e s  for  the j o i n t  angles, evaluate the left hand 
si.des of Eqs. 25 - 27 and thereby obtain cime h i s t o r i e s  f o r  the j o i n t  
torques. 
quirements f o r  the am. 
are  assumed t o  be based upon static condderations, Eqs. 25-27 are 
useful i n  determining the dynamic capab i l i t i e s  of the manipulator. 
The remainder of t h i s  sect ion w i l l  be devoted to  the latter application. 
This information can then be used t o  arrive a t  the torque re- 
On the other hand, i f  the j o i n t  torques 
In discussing the dynamic capabi l i ty  of a manipulator, one must 
first  choose a standard of measurement; in t h i s  case, the jo in t  angular .. .. 8,, and 0 w i l l  be used. If  one so des i res ,  *SJ W accelerations,  
these quant i t ies  can be related to  the linear accelerat ion of any poin t  
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on the am or payload by employing the appropriate kinematical cqua- 
t ions. 
Inspection of Eqs. 25 - 27 reveals t ha t  the angular accelerations 
depend on j o i n t  r a t e s  i n  addition to  jo in t  posit ion and torque. 
eliminate the dependence on j o in t  rates, we s h a l l  limit t h i s  invest i -  
gation t o  accelerat ions from a s t a t e  of rest or states for which the 
j o i n t  rates a re  su f f i c i en t ly  small t ha t  second order  terns i n  these 
quant i t ies  can be neglected. 
be wri t ten  
To 
When this is the case, Eqs. 25 - 27 can 
cll $, + C l 2 i i E  + CI3ijw = Ts 
c21 z s  + C  22 E + C 2 3 g w  = TE 
where the C are the coef f ic ien ts  of the f i r s t  three terms i n  Eqs, 25 - 
27. 
il 
The angular accelerat ioa capabi l i ty  of the m a .  d a t o r  w i l l  be 
studied f o r  the following modes of operation 
6 E  = N E a  
.. 8, = \a 
In  other words, the investigation w i l l  be confined t o  cases In which 
the j o i n t  accelerations a re  a CL. ,,ant multiple of one another. 
s t i t u t i o n  from Eq. 30 into 39 vields 
Sub- 
B- 14 
=S - =  (2L + I )  
‘M ‘llNS + C12NE + ‘13% 
O E  (L + e) - =  
FM ‘21NS + ‘22% + ‘23% 
3-  il 
FM ‘31NS 4- c32NE 4- ‘33% 
where the jo in t  torques, TS, TE, and 5 have been replaced by t h e i r  
umxirmm values consis tent  with the minimum s t a t i c  t i p  force capabi l i ty  
F (see Eqs. 13 - 15). The subscr ipts ,  S ,  E, and W OG a i n  Eqs. 31 
denote the maximum accelerat ion l eve l  t ha t  can be maintained by the 
shoulder, elbow and wrist torques, respectively.  Thus, one can deter-  
mine the max imum value of O/F 
of NS, N and % by computing the r igh t  hand s ides  of Eqs. 31 and choos- 
ing the lowest value. By repeating t h i s  process fo r  a l l  arm configura- 
t ions ,  one can obtain a map of u / F M  corresponding to  a par t i cu la r  com- 
binat ion of Ns, NE and 
M 
corresponding t o  a pa r t i cu la r  choice M 
E 
. % 
I n  what follows, the angular accelerat ion capabi l i ty  w i l l  be deter-  
mined fo r  a l l  configurations i n  which the  end e f f ec to r  is aligned w i t h  
the  l i n e  connecting the shoxlder and w r i s t  jo in t .  I n  other  words, f o r  
configurations i n  which 8, = - 6E,2 (see Figure B-7). In  the process 
it is assumed tha t  the upper end and lower arm segments a r e  ident ica l ,  
the moment of i n e r t i a  I is small compared t o  M L /4, and tha t  the end 1 1 
e f fec to r  i s  aligned with a l i n e  connecting the w r i s t  jo in t  with the 
mass center  of the payload. When t h i s  is t h e  case,  one can w r i t e  
2 
% = K2; I1 = I 2 = 0; D2 = 0 (321 
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and, by making use of Eq. 12, Eqs.  31 can be rerritten 
where 
P ,  = MI/% 
6, = !/L 
8, = D , / L  
2 P4 = I P h $ L  
P = R/2L 
The m a x i m  angular acce lera t ion  capab i l i t y  has  been determined f o r  
the f o l l m i n g  d e s  of operat ion ( f o r  a i l  va,ues of P): 
A l l  j o i n t s  acce lera t ing  i n  the same d i r ec t ion  with equal magnitudes; .. . . 
i.e., 8 ,  = 8, = 8 = o W 
Mode B: Ns - Nx = 0, % = 1 
Shoulder and elbow j o i n t s  f ixed, w r i s t  j o i n t  accelerat ing;  i.e.. .. .I .. e, = 8, = 0 ,  e, = 01 
Mode C: Ns = % = 0, NE = 1 
Shoulder end w r i s t  j o i n t s  f ixed,  elbow j o i n t  accelerat ing;  i.e., 
00 .. .. e,= 8 = o ,  8 , = U  
W 
Mode I?: N = %, = 0 ,  NS = 1 E - 
Elbow and w r i s t  j o i n t s  f ixed,  shoulder j o i n t  accelerat ing;  i.e., .. .. li, = 8, - 0 ,  8 ,  = a 
It is  noted t h a t  i n  the above operat ional  modes, when a j o i n t  is sa id  
t o  be f ixed,  i t  is  understood t h a t  the necessary cons t r a in t  torque is 
supplied by the torque motor (as opposed to  a brake or locking device).  
Results have been obtained f o r  the following sets of da ta  shown i n  
Table B-1.. 
The da ta  f o r  the loaded arm r e f l e c t  the 150 kg, 1 meter cube pay- 
load, r e l a t i v e  t o  which the -8s of the  end e f f e c t o r  has been neglected. 
The unloaded ann da ta  r e f l e c t  an end e f f ec to r  mass of .62 s lugs  located 
ha l f  way between the wrist j o i n t  and end e f f e c t o r  t i p .  
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Table B-1  - I n e r t i a  Properties and Geometry 
f o r  Loaded and Unloaded Ann 
- 
I Unloaded Arm Loaded Arm 
3 = 5 = .698 slugs 
L = 47", d? = 14", D1 f 19.7" 
% = 10.27 slugs 
Ip = 18.43 s lug- f t  2 
3 = 5 = .698 slugs 
L = 47", j =  7", D1 = 0 
F$ = .62 slugs 
I = o  P 
Using the above data ,  one can evaluate Eqs. 33 - 35 f o r  each of 
the operational mdes  A - D fo r  values of p between 0 and 1. 
lest of the three values of a / F  
manipulator) are plot ted fo r  each case i n  Figures B-8 and B-9. 
The smal- 
(and hence the m a x i m m  value f o r  the M 
Looking f i r s t  a t  Figure B-8, i t  is seen tha t  the acceleration capa- 
b i l i t y  generally increases with decreasing values of p. This is  due 
t o  the decreasing moment of i n e r t i a  each j o i n t  must accelerate a s  the 
w r i s t  j o in t  approaches the shoulder jo in t .  It is a l so  noted tha t  a l l  
of the accelerat ion leve ls  i n  Figure B-8 a re  a r e s u l t  of l imit ing the 
w r i s t  torque capabi l i ty .  This w i l l  generally be the  case with heavier 
payloads when the j o i n t  torques of the manipulator are based on a mini- 
mum s t a t i c  t i p  force requirement. The cause of t h i s  apparent dynamic 
llweakness'l i n  the w r i s t  j o in t  can be found by considering 8 massless, 
single- j o in t ,  manipulator such as the one shown accelerating a payload 
%, and moment of i n e r t i a ,  I i n  Figure B-10. Assuming the P' of mass, 
j o i n t  torques a re  based on a minimum s t a t i c  t i p  force requirement, 
the torque capabi l i ty  of a j o i n t  located a distance X from the shoulder 
i s  given by 
FM9 
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Inertia Properties and 
GeoPDetry from Table 1 
\ 
012 
0 = N l a  
Oe = N 2 a  
S 
gw = N3Q 
Note: A l l  values of a/Fm l imited by 
wrist torque capability 
- B 
A: Nl=N2=N3=l 
B: N1=N2=0, N3=1 
002 - 
I I 
0 *; .; *i .t *k .k *; .k .9 1.0 
p = R/2L 
Figure B-8 - Acceleration Capabi l i ty  - Loaded Arm 
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I 
Inertia properties and 
geometry from Table 1 
0 = NIO 
QE = N2a 
= N3a 
S 
A: Nl=N2=N3=l (limited by wrist torque) 
B: Nl=N2Po, N3-1 (limited by wrist torque) 
C: N 1  =N 3 PO, N2=1 (limited by elbow torque} 
D: N2=N3=0, N1 =1 (liadted by shoulder torque) 
O o 2  t --D . A  - I I 1 I I I I I 
0 b 2  .4 .5 .6 0 0  0 7  
P = R/2L 
Figure B-9 - Acceleration Capability - Unloaded Arm 
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I 
Figure B-10 - Single-Joint  Manipulator with Payload 
Txs = FM(L - X)  
.. 
and using momentum pr inc ip les ,  f o r  an angular acce lera t ion  8 ,  t he  same 
j o i n t  must produce 
TXD = [Ip + $L(L - X)] e 
The r a t i o  of the two is then 
.. 
from which i t  can be seen t h a t ,  €or a given 8 j o i n t s  1ocPted f u r t h e s t  
from the shoulder (i..e., f o r  X approaching L) must produce the  g r e a t e s t  
torques i n  r e l a t i o n  t o  t h e i r  s t a t i c  torque capabi l i ty .  
.. 
Conversely, the l imi t ing  value of 8 /FM w i l l  r e s u l t  from exceeding 
The reason f o r  a l l  t h i s  the torque capab i l i t y  of the outermost j o in t .  
is  seen to be the equal impact 
capab i l i t y ,  TXD, while t..e s t a t i c  torque capab i l i t y ,  T 
zero as X approaches L. 
( f o r  a l l  X) of Ip on the dynamic torque 
diminishes to  xs’ 
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Thus, i f  one should f ind  the acce lera t ion  capab i l i t y  f o r  the 
heavier  payloads t o  be inadequate, one does not  necessar i ly  have t o  
increase the torque c a p a b i l i t y  of 311 the j o i n t s  (and thus the s t a t i c  
t i p  force  c a p a b i l i t y ) ,  On the  contrary,  i t  is posvible t o  e f f e c t  in- 
creases  i n  angular acce lera t ion  levels by increasing the torque capa- 
b i l i t y  of only the outermost j o in t s .  
The acce lera t ion  levels f o r  the  unloaded arm a r e  shown i n  Figure 
B-9 and are seen t o  be approximately two orders  of magnitude g rea t e r  
than those f o r  the loaded arm. I n  t h i s  case,  because the  moment of  
i n e r t i a  I 
l imi ted  by the  wrist torque. 
has been neglected,  the  acce lera t ion  l eve l s  are not  a l l  P 
Fina l ly ,  i t  i s  informative t o  examine the  times required t o  complete 
a task which does no t  involve the  c e n t r i p e t a l  and coriolis terms in 
Eqs. 25 - 27. One such task  involves a r o t a t i o n  about the shoulder 
j o i n t  through an angle Os while the  ann is f u l l y  extended (i.e., 8, = 
8, = 0) and the  mass center of the  payload lies along an extension of 
the  end e f f e c t o r  ( L e . ,  D2 = 0). 
phases of equal magnitude and t i m e  durat ion,  Eq, 37 can be used t o  
compute the  task time. 
Assuming acce lera t ion  and braking 
T = 2 d m  (37) 
For the loaded arm depira-ed i n  Figure B-8, the  acce lera t ion  l eve l ,  dl , 
is taken from the c w v e  f o r  mode D a t  P = 1. Equation 37 y ie lds  f o r  
t h i s  case 
where T denotes the task  time. Simi la r ly ,  f o r  the  unloaded arm i n  
Figure B-9, 
L 
B - 2 2  
. 
where TU i s  the  task t i m e  f o r  the  unloaded arm. 
(39) are p lo t t ed  i n  Figure B-11. To obta in  the task times corresponding 
t o  a p a r t i c u l a r  value of F 
Figure B-11 by t h e p .  For example, a manipulator t h a t  can exe r t  a 
minimum s t a t i c  t i p  force  of 10 l b s  i s  capable of ro t a t ing  the 10.27 
s lugs  payload through an angle  of 90' i n  13.6 seconds and can r o t a t e  
i t s e l f  (unloaded arm) through 90' i n  2.84  seconds. 
Equations (38) and 
one merely has  t o  d iv ide  the values i n  M' 
M 
It  is noted tha t  the task  considered above is  r a t h e r  severe i n  t h a t  
each j o i n t  must accelerate i t s  l a r g e s t  moment of i n e r t i a  when the arm 
is f u l l y  extended. For t h i s  reason, one can expect t o  encounter lower 
task times f o r  similar maneuvers involving non-zero values  of 8 avd 
gw ( i . e . ¶  when the arm is not  f u l l y  extended). 
E 
4. Summary 
Kanipulator s t rength  can be charac te r ized  by i t s  s t a t i c  o r  dynamic 
force  c a p a b i l i t i e s ,  I n  general ,  the  s t a t i c  and dynamic force  capabi l i -  
ties are not  the  same. 
loads with ma6ses of the  s&me order  as the  manipulator -6s. 
heavier  payloads (i.e.,  payload masses g r e a t e r  than three  times the  ann 
mass) and f o r  motions t h a t  do not  involve payload ro t a t ions ,  the  s ta t ic  
and dynamic force c a p a b i l i t i e s  are e f f e c t i v e l y  the s ~ e .  
The d i f fe rences  a r e  s i g n i f i c a n t  when moving pay- 
For the 
I f  A manipulator i s  intended pr imari ly  t o  t ranspor t  mmsive ob jec t s ,  
it i s  reasonable t o  base j o i n t  torque c a p a b i l i t y  on a dynamfc require-  
ment. On the o ther  hand, i f  most of the  manipulator tasks  involve the  
moving and serv ic ing  of r e l a t i v e l y  l i g h t  payloads, it i s  l i k e l y  t h a t  
s ta t ic  f r i c t i o n  forces  w i l l  present  t he  g r e a t e s t  burden. 
the  case, it  i s  advantageous t o  determine j o i n t  torques from a s t a t i c  
When t h i s  i s  
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9 Inert La Properties and 
Geometry from Table 1 I /  w- -- 
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Figure B-11 Task Times fi-r Loaded and Unloaded Manipulator 
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force requirement and then examine the resu l t ing  dynamic capab i l i t i e s  
to insure reasonable task times. 
.When the jo in t  torques a re  to be determined from a s t a t i c  force 
reqcire*nt, the designer can take advantage of a cha rac t e r i s t i c  shared 
by a l l  a r t icu la ted  j o i n t  manipulators, nmely  the existence of a so- 
cal led "weakest!' configuration. By d i s t r ibu t ing  j o i n t  torques to usin- 
:ain s t a t f c  2quilibrium with a force F 
weakest .afigurations,  the designer i o  assured of a manipulator suf f ic -  
ien; 7 1 
which the t i p  can uove) h i l e  the manipulator is i n  any other  config- 
uration. 
while the arm is i n  one GF i t s  H 
.sed t3 exert a t  least a t i p  force F ( in  any di rec t ion  i n  M 
Having selected joint torques corresponding to a minirmrm t i p  force 
FM, one can obtain a comprehentive s t a t i c  force nrap f o r  tae manipulator. 
In so doing, t i p  posi t ioas  and force d i rec t ions  vi11 be etc 
where force magnitudes, several times greater than F are possible. 
Thus, by properly mounting the manipulator i n  its envirbnment (cr selec- 
t ive ly  arranging the envirormrnt about the manipulator), one can take 
advantage of the high s t rength regioxs of the a m  and avoid over-design- 
ing torque motors simply because a feu  tasks require  high static force 
levela. 
Ltered 
M' 
By deriving appropriaie equations of motion f o r  the  manipulator, one 
can invest igate  what dpnmic capab i l i t i e s  are afforded by a par t icu lar  
choice of j o in t  torques. Using j o i n t  angular acceleration levels  as a 
measure of dynamic capabi l i ty ,  i t  is pOS8lble to relate the dynamic 
chazac-er of a manipulator d i r ec t ly  to  the  mini- s t a t i c  r i p  force 
canab f l i t y .  
dor tasks nvalving payloads with a s igni f icant  mownt of i n e r t i a  
?bout t n e i i  n.- 
orLennost j o in t  (aFsuming j-int torques a r e  based 09 stst ic t i 0  force).  
centers ,  the accelerat ion leve ls  are l i n i t e d  by the 
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Thus, i f  one should find the acceleration capability of a s tat ica l ly  
des i .  .ed rtanipulatol- to be inadequate, i t  is  worth investigating what 
increases can be obtained by strengthening the outermost joint  (as 
opposed to simply in.reasing the minimum s ta t i c  t i p  force and thus the 
torque capability of a l l  the joints). 
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APPENDIX C: DEFLECTION AND VIBRATION ANAI;ySIS 
1. 
This ana1ys . s  was based upon t h e  manipulator preliminary mass properties 
shown ir? Fig, C-1. 
S t ress  Calculations 
The upper a r m  segment from shoulder t o  elbou is a 4 x 4 x -25 in. .t 
with the  w a l l  thickness reduced t o  0.05 in .  
whereas thinner w a l l  sections come in 6063-TS2, an archi tec tura l  a l loy 
with good dimensional control,  but & d u c t i l i t y .  The lower or  forearm, 
from elbow t o  wrist is a 3 x 3 x .125 in. sect ion with the  wall ihickness 
reduced to  .05, This sect ion comes i n  6061-T4. The aludrum al loy 6061 
is both extrudable and weldable, and is an a i r c r a f t  material, whose 
properties,  E = 10 x 10 p s i  and P = 0.098 pci, are given in MILHDBK-5 
"Strength of Metal Aircraf t  Elements". 
This sect ion comes i n  606LT6, 
6 
+ 
30Y 
.- 
I 
49.25" + 44.5" 14'' 4 
Tocal Welght: 6 j  lbs; ZlbM - 907 in- lb;  MShoulder 25!8.5 i n - U  
Figure C-1  Preliminary Mass Properties 
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The propert ies  of these sec t ions  are shovn in Fig ,  C-2 and calculated,  
for convenience, about an axis of syrmmtry. 
i 
I 
! 
I 
- .  
--I- ! 
0 
S' 
4 L  .. - 
.. 
= 7.51 i 
3.55 ii ! 
. . .+-. 
+S = 2-95 -+ 
, : 1 s = 2.15 
! I  I 
4 
- 2 - 3  2 3 4 
4 4  4 4 
12 12 I=-= s -s 3*6@ 03m50 = 1.491592 i n  
I * 3 s t = 33.55 x, 05 = 1,491296 in 
A = S2-s2 = 3.60 -3.502 = .71 i n  
2 A = 4 
4 4  4 4 
I=-= 
12 
2 2 
t = 4x3.55x.05 = .71 i n  
4 s 2.85 -20 75 = 731967 in 
12 
- I 5 2 i3t = 7 2 . 8 0  2 3 x.05 = ,731733 i n  4 3 
2 2 2 = S2-s2 = 2.85 -2.75 = ,560 i n  
- 2 
A = 4 t = 4x2.80x.05 5 .560 in 
, I  
! 
- .- -_- 
Figure C-2 Segment Sectional Properties 
The c r i t i ca l  stress condition is f l a t  p l a t e  buckling under compression 
due t o  bending, From Roark, Table X V X ,  Case A3 
e 5.73 - 
'b 1 - Y 2  s 
lo7 
= 5.73 (-) (a)* = 12491 p s i  for 4" a 
= 5.73 $1 (a)2 = 0079 p s i  for 3" 3 
. 91 3.55 
.91 2.80 
F = 14,009 p s i  fo r  T4 F = 16,000 p s i  fo r  T4 
CY tY 
= 34,000 p s i  for T6 = 35,000 p s i  for 26 
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Consider the unloaded am f u l l y  extended i n  oae 'g'. 
the bending moments at the elbow and shoulder are: 
From Fig. C-1, 
% = 907 in Ib 
= 2518.5 i n  l b  
MS 
The f l a t  p l a t e  compressive st.rass are: 
'' = '07 * 1*43 = 1772 psi ( < 20079 p s i )  E .731967 
u =  2518*5 la8 = 303.7 p s i  ( <12491 psi)  s 1.491592 
Under a 45O r o l l  of the  arm, the  coraers would see these stresses in- 
creased by c b u t  buckling is not critical and the  stresses are still 
Inw, 
# Under a 10 design t i p  loac! the elbow a d  shoulder bending m n t s  are: 
49.5 i n  58.5 i n  
% = 585 i n  l b  
Ms = 1080 i n  l b  
The resu l t ing  miuriauam stresses are: 
u n  585 1*43 l61b p s i  ( ~ 3 4 , 0 0 0  psi) E .731S67 I 
u =  la8 n= 1.843 p s i  ( < 14,000 pq i )  
s 1.491592 
'&*is, t h e  unloaded aim could support i ts  own weight i n  one 'g' and is 
IF not s t r e s s - c r i t i c a l  under a 10 t i p  load, at least as f a r  as t h e  tube 
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sections are concerned. me most cri t ical  area is a f l a t  s ide  i n  com- 
pression near the shoulder. 
2. S t a t i c  Deflection 
The static deflection 6 of the  t i p  of the  unload arm under one 'g' is ST 
a measure of the r a t i o  of the spring mass t o  th62 s t i f f n e s s  of the spring 
and is used t o  calculate na tura l  frequencies. 
The weight data have been simplified s l i g h t l y ,  assuming a l l  weights are 
applied a t  the jo in ts ,  including the tip. 
sham i n  Fig. (3-3, has the correc t  values a t  the  jo in t s  and is  in  
e f f ec t  linearized between joints.  The e r r o r  is s l igh t ,  
The bexrling moment diagram 
The zesulting deflection is given by: 
2 6 58.-: X 123.913 + 49.5 X 108-0385 49.5 60,8075 83.25 
3 2 x 91.5 6 x 1 0  = ST 
= 141354 + 244667 + 250580 
SPRING MASS = 35 l b  
E 1  = 14.91592xlO \a- lb i n  E1 6 7.31967~10 
49.5 i n  . 58.5 i n  
= .6366 i n  
M 
in- lb 
. 
168.846 in-' 
-1 
k.. 123.913 i n  
--. 1. -.. 108.0385 ---- -.--I_-- .-. ---- 
60,8075 
49.5 58.5 
Figure (2-3 One-g Bending Moment Diagram 
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The deflection due so ie ly  to  a 10 l b  t i p  force, with reference to  
Fig .  (2-4, is given by: 
(in- lb)  
2 
6 io6 ,= 79*9216 58*5  x 33*186 IC 49-5 + 39,2198 x 49.5 x 83.25 
2 x 91.5 ST 3 
= 91171 -+ 75'154 + 161620 
6 = ,3279 in. ST 
I 1080 in lb 
I 33.1860 79.9216 
49.5 58.5 
Figure C-4 T i p  Force Bending Moment Diagrams 
It is  of interest t o  consider the possible deflection of the arm in  
a 90' bent  configuration, with a 10 lb t i p  load. 
A 49.5 1 
4 E1 - 14.91592 x lo6 
GJ = 11.33510 x lo6 
C = ,38E 
GJ = .76EI 
c - 5  
Each arm section bends under the  10 l b  load, independently. In addition 
the upper arm twists, ro ta t ing  the  lower, producing t i p  deflection 
T 
GJ 11.33610 x lo6 
10 x 58.5 x 45.5 Q e - =  
3 
= 27104 x Id6 P 10 x 49.5 8 P-= 6 3.14.91592 x 10 U 
3 
6 = - =  P 10 x 58.5 - 91171 x loo6 
3.7.31967 x lo6 
= ,2677 inch 
%is i s  s l igh t ly  less than 6 = .3279 for the s t r a igh t  arm. 
3. Natural Frequencies 
For a uniform beam, about 24% of the  weight of the beam shwld  be added 
t o  the ti? a s s  t o  account for the e f f e c t  of the beam mass on the fund- 
amental frequency. 
stiffness in the forearm section and it is appropriate t o  assue mtre 
than 24%, say enough t n  produce the static deflection of the unloaded 
beam, t o  the  + f q  uuss. This -86 is 0.6336/0,3279 x 10 = 19.4 lb. 
However, t h i s  beam is heavier in proportion t o  its 
Based upon the arm loaded with a 300 lb  mass, 
x :79 = 10.47 in, 319.4 'ST 10 
The natural frequencies of the extended arm, both loaded and unloaded 
are : 
C - 6  
f = fisi = n 27r x 10.47 = .97 hz. fo r  the loaded beam 
f n  = 4%; = &[E, .6366 = 3.9 hz. for  the unloaded beam 
The frequency of operator command inputs i s  estimated t o  be 3 hz 
maximum. It i s  normally desirable  t o  have t he  natural frequency 
of a system be a t  least twice the  frequency of any input disturbance, 
so t h a t  the  dis turbing force is spread over several cycles of the  
vibrat ing system and is thus out of phase with it a h u t  as long as i n  
phase, and the net energy pumped in to  the  system is small. When the 
frequencies are equal, the input force is always pushing the  system 
i n  the d i rec t ion  it is  moving so maximum energy i s  puuped in to  the  
system and the  displaceuent increases t o  such large values tha t  the  
system MY be damaged. 
I n  order t ha t  the  operator conxnands should iirst,  not exc i t e  resonance, 
and second, appear t o  the  system as steady forces,  the na tura l  f re -  
quency of the  system should be say, 6 hz which means t h a t  the  arm 
m u s ~  be or  about 39 t h s  as s t i f f  as s h m .  
a 97 
Since f o r  a given maximum dimension, and equal weight,the scuare sec t ion  
is already optimum, only three a l te rna t ives  ex is t .  A s t i f f e r  material 
may be used; the  diameter may be increased; and the  wall thickness 
may be increased. 
would increase the s t i f f n e s s  2 t o  3 times fo r  the  same weight. 
other metals, except b e r i l l i m ,  s t i f f n e s s  is about proportional t o  
weight. 
t o  s t i f f n e s s  increase also,  
d i e t e r  since s t i f f n e s s  goes up as the  cube and weight as the f i r s t  
power, 
A high modulus composite such as boron or  graphite 
For 
A change of wall thickness produces weight increase proportional 
The most e f f i c i e n t  way is t o  increase the  
A l l  of these are  unat t ract ive ways t o  produce a f ac to r  of 39, 
However, the manipulator arm has some cha rac t e r i s t j  cs which modify 
i ts  behavior as compared t o  a simple spring-mass system. I f  the  t i p  
force exceeds some nominal value, some or  a l l  j o i n t s  w i l l  backdrive, 
absorbing energy. For example, i f  the t i p  def lec t ion  exceeds ,3279 
c-7 
inch which corresponds t o  a 10 l b  t i p  force, t h i s  w i l l  produce bending 
moments at the j o i n t s  exceeding t h e i r  respective backdrive to-que8 
and they w i l l  absorb the excess k ine t i c  energy of the vibrating mass, 
reducing overswing on the next half cycle, 
Thus, inadvertent resor.mt operator input cannot damaw the system, 
and the  maxbum displacement of the t i p  should not exceed .3279 inch 
from nominal, 
Based upon these considerations, it is recomnended t h a t  fur ther  dynamic 
analyses of the t o t a l  system, including the  bending repponse of t he  arm, 
be conducted i n  the future. 
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APPENDIX D: PRELIMINARY SPJXIFICATION FOR MANIPULATOR SYSTEM 
Introduction 
A Preliminary Manipulator System Spec i f i ca t ion  has beer1 prepared as a 
preview of the t y p i c a l  Spec i f i ca t ion  format and i n f o r m t i o n  required 
t o  design and bui ld  a "zero-g" operable manipulator. 
Manipulator Spec i f i ca t ion  format. f o r  a f l i g h t  uni t  w i l l  be dependent 
on the spec i f i ca t ion  b o i l e r p l a t e  defined by t h e  Contractor End I t e m  
Specif icat ion (CEI). 
t h e  end i t e m  or a subassembly t o  a f i n a l  end i t e m  such a8 a Free-Flying 
Spacecraft. 
The s p e c i f i c  
The CEI could ca l l  out  t h e  manipulator as either 
The Preliminary Manipulator Specif icat ion is prepared with the  primary 
object ive of providing the manipulator desigcer t he  necessary program 
and system cons t r a in t s  needed t o  propose and c o s t  a s p e c i f i c  design. 
The requirements presented f i r s t  r e f e r  t o  mission object ives  followed 
by t h e  implications t h a t  influence system design. Basic reference mat- 
erial wj-11  be taken from e x i s t i n g  Goverrrment material relating t o  
Shu t t l e  Program Accomodat ions. 
Table of Contents 
1 . 0  Scope 
2 . 0  A p p l i c a b l e  Documents 
3 . 0  Requirements 
4 . 0  Q u a l i t y  Assurance P r o v i s i o n s  
5 . 0  Preparat i cn  for D e l i v e r y  - N/A 
. 6 . 0  Notes 
1.0 SCOPE 
1.1 General - This spec i f ica t ion  covers the preliminary design, 
performance and t e s t ing  requirements for a man-tended, zero gravity,  
manipulator system. Hereinafter referred t o  as  the mmipulator assembly. 
1.2 Intended Use - The manipulator assembly is intended for  USA i n  
the Shut t le  Transportation System (STS) on such vehicleo as Tug, s h u t t l e  
payloads and a remotely controlled Free Flying Telecperator type space- 
c raf t .  
b i l i t i e s  ia  space through the  remotely controlled device designed t o  
augment man's sensory, manipulative and cognitive sk i l l s .  
The manipulator assembly provides the extension of man's capa- 
2.0 APPUCABLE m m s  
L i s t a s  of the  existing NASA, Federal, M i U t a q  and Contractor 
specif icat ions which may bt u t i l i zed  i n  the design, fabrication, test- 
ing and administration of the project tihere practicable. 
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3.0 REQUIREMENTS 
3.1 Mission Objectives - The baseline mission for  t h e  manipulator 
is t o  remove, replace modules on an orhi t ing  s a t e l l i t e  within a dis tance 
of 50CO m (16,500 f t )  of a Shut t le  Orbiter,  
baselined t o  be a general purpose space too l  attachcd t o  a Free Flying 
Teleoperator System @FTh). 
w i l l  mt be act ivatea for  operation unt i l  the  FFTS has d ,  '.ai with the  
space vehicle t o  be eerv ice i  and r ig id  a t tachmnt  has beeu conf ined ,  
The tacks now assigned t o  the manipulator are: 
The manipulator is a l s o  
It is  a l s o  assrmred tha t  the u n i p n l a t o r  
Tether vehicles i f  required 
, Open hatch and make visual inspection 
, Remove module from satellite 
- Release module attachment fas teners  - Break line comectors (electrical and f lu id )  
Module t r ans l a t ion  and stowage 
- Insert and lock attachment fas teners  
. Replace module on satellite 
- Inser t  and lock attachment fas teners  - Make line connactiors 
The system w i l l  be capable of repeating t h i s  work eequence. fo r  50 t i m e  
during a seven day mission, 
3.2 STS Mission Constraints - Selected Shutt le  program spacecraft  
deeign r e s t r i c t ions  onto an FFTS manC- requirements which may impose 
pulator development are discussed in the  followiqg paragraphs. 
requirements as presented are not intended t o  provide a l l  the  FETS 
manipulator system requirerents,  but thooe re' .ited t o  remote manipulator 
needs derived from Shut t le  mission objoctivea and t h e i r  inq?licati6n on 
development cc3ts, crew safety,  operating time/coaplexity and high 
.$robabili ty < - +  mission success. 
The 
3.3.1 
Orbiter w:iyG- 
and re turn  c a p w i l l t i e s  t o  essen t i a l ly  anyone who can provide the  
necessary j u s t i f i c a t i o n  t o  receive a f l i g h t  assigraent.  With the 
var ie ty  of po ten t ia l  users, a system of considerable f l e x i b i l i t y  i s  
rewired .  As the f l e x i b i l i t y  :Increaees 60 does the need f o r  system 
5. .,rtJe Orbi ter  ConsCraints - WI en operational, t h e  Shut t le  
&e as a comm8r carrier providing tSe launch, o rb i t ,  
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standardization and cost  effectiveness. One of the  aethods ident i f ied  
by ‘:SA studies ,  t o  increase cost  effectiveness,  is the  use of manipu- 
: : rs as Shuttle payload support devices. The manipulator device of 
p c ~ l n a r y  i n t e re s t  is a general purpose type t ha t  would be attached t o  a 
Free Flying Teleoperator System WS). 
3.2.1.1 Functional Considerations - The Shut t le  Orbi ter  w i l l  be 
capable of pre , iding the following functions: 
(a) A mounting and stowage location w i l l  be provided within 
the confines of the  Shut t le  payload bay. 
A mechanical device w i l l  be provided by the  Shut t le  Orbi ter  
to remove and deplcy the  FFTS from its nnrnting and s t w -  
age locat ion and t o  capture and replace it within the  bay. 
(b) 
(c) A FFTS Control and Display S ta t ion  w i l l  be provided within 
a pressurized portion of the Shut t le  spacecraft. 
s t a t ion  w i l l  provide a coamand and telemetry l ink t o  the  
FITS. 
The 
(d) A commDdity resupply station w i l l  be provided with the 
f o 11- ing capab i l i t i e s  : 
1. Power: Voltage - 24 to 30.5 mW: continuous 
Supply Continuous - 1 Kw average, 1.5 Kjl peak 
Supply Special  @¶ax) - 3 Kw average, 6 peak 
Quantity - 50 Ipw (total for payloads) 
2, h o p e l l a n t  transfer:  TBD 
3. Film t ransfer :  TBD 
3.2.i.2 Physical Character is t ics  - The FFTS w i l l  be compatible 
with the following Shut t le  Orbi ter  payload bay charac te r i s t ics :  
(a) The Shut t le  payload bay can stow a combined payload t h a t  
daes not exceed the following dimensions: 
1. iength - 18.3 rn (60 ft) 
2. Width - 4.57 m (15 f t )  
3. Height (closed) - 4.57 m (15 f t )  
4. Volume - (Rectangle) - 180.0 cu m (6360 f t3 )  - 300.0 cu rn (13600 f t  ) 
3 
(Cylinder) 
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(b) Typical paylozd munting Locations within the Shut t le  
bay a r e  defined i n  JSC 37300 Volume XIV, Rev B, 
3.2.1.3 Environments - 'Ihe man ip la to r  assembly w i l l  perform 
during and a f t e r  expostire t o  t k e  following enviro-nts and ranges. 
(a) Vibration, A c o u s t i c  a d  Shock - These values to be pro- 
vided later. 
(b) Payload Bay Atmosphere - Conditioned a i r  w i l l  be supplied 
to  the payload bay a t  the  launch pad up t o  30 minutes 
prior to  propellant load'ng, 
supplied up to l i f t -of f .  
At t h a t  t h ,  GN2 w i l l  be 
Purge CapaSility is as follcvs:  
1. Flow rate - 0 to 90 Kg/Min (0 to  200 I b / d n )  
2. Temperature - range of 45oF t o  12OOF controlled t o  - + 2OF of desired setting 
3. C l e a n l i n s s  - class 100,000, see Federal Standard 209A 
4. Humidity, Air - 0 t o  43 grains/pound of dry air 
Humidity, G:'2 - 0 to  1 g r c i n s / p o d  of dry a i r  
(c) Launch Atmosphere - The payload bay is vented during launch 
and entry phases and cnpressurizeci during the o r b i t a l  phase 
of th~, Eission. 
(d) Temperatures - The payload temperature and temperature 
environments the  payload w i l l  experience i n  the payload 
bay require:. a deta i led  analysis  of ihe  boost through 
entry,  vehicle design and orientations.  
requirements w i l l  be assrtrPed for the  o r b i t e r  thermal design. 
The following 
The in t e rna l  w s l l  teaperature limits for the payload bay, 
not considering -3yload heat addition o r  remova1,vill be 
within the following ranges: 
C ond it ion Minimum Maximum 
Re launch -+ 40°F + 120°F 
Launch + 40°F + 150°€ 
On-Orbit (doors closed) See C & D See A 6 B 
(doors open) TBD TBD 
Entry and Post Landing - 100°F + 200°F 
2 
2 
2 
2 
A. Total bay heat gain; average 0 Btu/f t  -hr 
E. Heat gain, loca l  a rea  3 Btu/ft  -hr 
C. Total  bay heat  loss average 3 Btu/ft  -hr 
D. Heat LOSS, local  area 4 Btu/ft  -hr 
Throughout on-orbit operat ions, the radiator/pay load doors 
w i l l  normally remain open fo r  radiator  heat re jec t ion  t o  
space. 
requires each payload t o  provide i t s  own passive and/or 
active thermal control t o  aid tha t  avai lable  from the 
orbi ter .  
Exposure of the payloads t o  space e n - r i r o m n t s  
3.2.2 Shuttle Payload Constraints - The t e r m  Shut t le  Payloads is 
a cc l lec t ive  phrase used t o  describe the  operating e n t i t i e s  t h a t  are 
pyoposed for  space Launching. 
associated spacecraft  and supporting subsystems, but excludes launch 
vehicle and related elements such as the adapte: o r  the  f a i r ings  t h a t  
are not functional on-orbit. Payloads i n  a l l  d i sc ip l ines  are involved: 
Astronomy, Chemistry and physics, Conmunications and Navigation, Earth 
Observations, Material Processinz, Space Technology and Life Sciences. 
To provide a payload support function with the FFTS requires  a dual 
interface ro l e  i n  which the  remote manipulator type vehicle  must have 
a docking capabi l i ty  with both the Shut t le  o rb i t e r  and Shut t le  payloads. 
This spec i f ic  appl icat ion s h w s  up i n  the current Shut t le  mission plans. 
During the f i r s t  two years of o r b i t a l  operation, the  FFTS has been 
ident i f ied  as the space tool for  deploying and re t r iev ing  the  Bio- 
Experiment S a t e l l i t e  and for re t r iev ing  the Long Durztion Exposure 
Fac i l i t y  spacecraft. 
other areas have been ident i f ied  tha t  can contribute s ign i f icant ly  t o  
the  Shuttle program. 
It includes the mission experiments, 
Along with the  deployment and retrieval activlties 
3.2.2.1 Functional Considerations - Analysic. of Shut t le  missions 
i d i c a t e s  t ha t  the FFTS can contribute s i g n i f f a n t l y  in a support 
capacity t o  Shut t le  program objectives i n  f tve  broad areas; payload 
deployment, payload inspection, 3ayloact r c t r i eva l ,  payload servicing 
and EVA assistance.  
(a) Various payloads suck as the  Bio-Experiment S a t e l l i t e  
@ES) requires 
i n  the prapei o r b i t a l  position. 
s?inup of 5.65 rad/sec pr ior  t o  release 
(b) S a t e l l i t e  spi , iup capabi l i ty  w i l l  be provided from 0 t o  
1 Pevfsec (?mad/sec). 
3.2.2.2 Payload Charac te r i s t i c s  - The mass, dimensions, o r b i t s  and 
f l i g h t  dynamics fo r  Shut t le  payloads play an important par t  i n  es tab l i sh-  
ing FFTS and manipulator capab i l i t i e s .  With so many v a r i e t i e s  of ppyloads 
h i n g  considered ir. the  present time period, it has been necessary t o  
focus on a representat ive c ros s  sec t ion  of payloads from the  NASA payload 
d e l  @Z. 3). This was done i n  a previous cont rac t  NAS8-29904, (Ref. 4) 
which iden t i r i ed  four payloads covering a wide range of cha rac t e r i s t i c s :  
Large Space Telescope W T ) ,  long-Duration Exposure F a c i l i t y  (LIEF), 
Ear th  Observatory S a t e l l i t e s  @€IS), and Bio-Experiment S a t e l l i t e  (BES). 
The basic satel l i te  c h a r a c t e r i s t i c s  baselined for t h i s  study are presented 
in Table 3-1. 
Table 3-1 Reference S a t e l l i t e  Charac t e r i s t i c s  
Satellites" 
Large Space Telescope 
Lon Duration Exposure 
Face l i t y  
Earth Observatory EO-2 
S a t e l l i t e s  EO-? 
EO-3 
EO-4 
EO- t 
Bio-Zxperiment Sa te l  1 i t €  
* "Base line" FITS Exper j 
3800(85@0) 
900 (2000) 
1700(3800) 
180 (400) 
1140(2500) 
900 (2000) 
180 (400) 
ents 
Length 
m ( f t )  
13 (42) 
9.2 ( 3 0 )  
3.7(12) 
3.7(12) 
4.9(16) 
2.1(7) 
4.3(14) 
2(6.8) 
Diam. 
m ( f t )  
4.3 (14) 
4 . 3  ( 14) 
1.5(5) 
1.5(5) 
2.4(8) 
l(3.05) 
3.3(11) 
1 ( 3 )  
2 xx 
I 
Kg-M 
(slug- ft ) 
21,400 
(15,750) 
8 790 
(6460) 
1280 
(944)  
1896 
(1397) 
I 
Kg-M 2z  2 
(slug- f t 
142,300 
( 104,700 
31,250 
(23,000) 
4060 
(2990) 
74.5 
(54.8) 
3.2.3 Shut t le  FFTS Constraints  - The b a < ? l i n e  vehic le  selected f o r  
This system J,s envisioned as an a-~semblage of elements operat- 
The subsystems mak- 
which the manipulator will be attached is t he  Free Flying Teleoperator 
System, 
ing, cooperatively,  Tinder the  con t ro l  supervisicsi of a human operator 
located avay from the actual performance location. 
ing up t h i s  assemblage are modularized t o  be added o r  deleted as missior, 
functions d i c t a t e ,  These modules are integrated i n t ?  an axtonmOus 
system with c e r t a i n  automatic, au-ntative features.  
fea tures  would be under the supervisory cont ro l  authori ty  of thc operator 
and have a manual overr ide feature.  
complete FJ?TS system f a l l  i n to  -:elated groups, or  subsystem categories ,  
The subsystem categorizat ions t 3  be used are as f 3 L l o W S :  
A l l  automatic 
The rnodules considered f o r  a 
D-E! 
Manipulators 
Docking Device 
Visual/Specialized Sensors 
Guidanca jNavigat iot jContro1 
Specialized Computation 
Propulsionj React ion Control 
Pwer  
Cent ra l  Data Selay Net 
Comrmnication and Data hnagement 
Safety,  CautionfWaroing 
Coamar.d, Control and Display S ta t ion  
The 
cpera t iona l  time of t he  equipment w i l l  be 500 hours, 
will.  be capable of being returned t o  Ear th  i n  the  Shut t le  and reused 
with a a i n i m w  of maintenance and ground turnaround t i m e ,  
system w i l l  be designed fo r  a t o t a l  l i f e  of 10 years  and the 
The f l i g h t  FFTS 
!he f l i g h t  FFTS must withstand environments induced during ground 
operations,  boost and landing (including ascent ,  abort ,  c rash  landing) 
while i n  the  Shut t le  cargo bay, and o r b i t a l  operat ions including dynamic 
accelerat ion,  pressure, scund e:iergy , contaminat ions , vibra t ion ,  shock, 
temperature and humidit']. 
-4s a p a r t  of the system, the  FFTS will have a s t a t i o n  t h a t  can be 
momted i n  the Shutr le  cargo bay. 
ing port  for the  FFTS, when it is not i n  opera t iona l  use; a s t r u c t u r a l  
m u n t  fo r  holdin? the FFTS during Shut t le  l i f t o f f ,  o r b i t a l  inser t ion ,  
deorbi t ,  and reent ty ,  and laniling (including ascent abort  crash landing) ; 
a checkout s t a t i o n ;  and fo r  on-orbit refuel ing,  
Tile s t a t i o n  w i l l  be used as a berth-  
The FFTS w i l l  be capable of being inser ted  and removed from the  
Shut t le  cargo bay while the Shut t le  i s  i n  a vertical  pos i t ion  on the 
launch pad, o r  when the  Shut t le  o r b i t e r  is  hor izonta l  on Earth. 
3,2,3,1 Functional C h a r a c t e r i s r s  - The FFTS i s  considered a 
Shuztle payload with a complimentary rsquirement t o  provide opera t iona l  
support t o  other Shut t le  payloads. The FFTS w i l l  be t ranspor tab le  i n t o  
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o r b i t  by t h e  Shu t t l e  o r b i t e r  and be remotely cont ro l led  from the  Shu t t l e ,  
So r t i e  h b  and/or ground. As an opera t iona l  space t o o l  the  FFTS w i l l  be 
capable of t he  fo1,lowing functions: 
Removing and replacing modulss from satel l i tes  and space 
s t a t i o n s  e x t e r n a l  t o  t h e  Shu t t l e  
Ce r t a in  payload serv ic ing  by t ranspor t ing  replaceables  and 
expendables t o  satellites, and accomplishing serv ic ing  
Providing a degree of mobil i ty  t o  serve as a camera carrier 
fo r  increased visual docunrentation of space a c t i v i t i e s  , 
o r  f o r  t he  deployment of experimental support equipment 
Obtaining l i v e  replacement modules o r  other  equipment from, 
o r  de l iver ing  spent modules and equipment t o ,  t he  Shu t t l e  
Attached Manipulator System f o r  r e t r i e v a l  from o r  stowage 
i n  the cargo bay 
f iysical  In t e r f aces  - The FFTS spacecrafc base l ine  i s  
defined i n  (Ref. I) and sumnarized as follows: 
Envelope dimensions; 0.9 x 0.9 x 0.9 m (3 x 3 x 5 f t )  
Estimated weight; 185 kg (402 lbm) 
Comnodity loading; Fuel and High Pressure Gas 
Stowage Attachments ; TBD 
Subsystem removal; Modular Design 
3.2.3.3 General System Requirements - The following requirements 
apply equal ly  t o  a l l  FFTS subsystems and, therefore ,  are considered 
system l eve l  requirements f o r  a f u l l y  opere t iona l  FFTS. 
3.2.3.3.1. FFfS Removal/Insertion on Shu t t l e  Orb i t e r  - The FFTS w i l l  
be compatible with t h e  Shut t le  Attached Manipulator System f o r  on-orbit  
i n se r t ion  and removal from the  cargo bay. For capture by Shu t t l e  
Attached Manipulator System, the FE'TS nust  maintain the  following 
a t t i t u d e  and r e s idua l  ve loc i t i e s :  
Longitudinal ve loc i ty ;  0.015 m/sec (0.05 ft/sec) 
Latera l  ve loc i ty ;  0,015 m/sec (0.05 f t / s e c )  
Angular misalignment ; 3. 0.009 rad 
Angular r a t e ;  0,0175 ra sec (1 deg/sec) maximum 
0.5 deg) 
3.2.3.3.2 FFTS Maneuverzbility - The FFTS w i l l  be the  ac t ive  ele- 
ment i n  s a t e l l i t e  acquis i t ion,  rendezvous, and capture procedures. 
The FFTS t h r u s t  program w i l l  de l iver  the  cargo t o  the  desired locat ion 
within an accuracy of 2 1.852 km e 1 n m i )  3a. 
The FFTS w i l l  be capable of rendezvous and capture of a t a r g e t  
object  the  pos i t ion  of which is  known t o  ,+ 1.852 km e 1 n m i )  3a 
i n  each axis.  
The WI!S must be able  t o  follow spec i f ied  t r a j e c t o r i e s  t o  within 
5% o r  0.5 m (1.6 f t ) .  
The FFTS w i l l  maintain pos i t ion  and a t t i t u d e  rates wi th in  limits 
such t h a t  sa te l l i t e  motions can be a r res ted  wi th in  300 seconds. 
3.2.3.3.3 FFTS Mass Transpor tab i l i ty  - The FE'TS w i l l  have the  capa- 
b i l i t y  t o  t ranspor t  the following s i z e s  and masses t o  required dest ina-  
t i ons  and r e tu rn  the unloaded FFTS t o  the  Shuttle.  
Minimum Maximum 
Size: length,  m ( f t )  - 3.43 (11) 
Width, m ( f t )  2.31 (7) 
Depth, m ( f t )  - 2.31 (7) 
Mass: kg (Ib) 300 (660) 
Transport a t  ion 
d is tance ,  m (ft) 200 (640) 5000 (16,500) 
Time l i m i t ,  sec 3600 72,000 
3.3 Manipulator Performaxe Requirements 
3.3.1 General - The manipulator assembly motion generation is 
provided by an operator commanded input  t o  various electro-mechanical 
j o i n t  actuators.  
provide six-degrees-of-freedom t o  the end e f f e c t o r  as follows: 
The manipulator assembly j o i n t  configurat ion s h a l l  
(a) Shmlder:  Yaw and Pitch 
(b) Elbow: Pi tch 
( c )  Wrist: Pi tch,  Yaw and R D l l  
A seventh degree-cf-freedom s h a l l  provide the  end e f f ec to r  g r i p  force. 
3.3.2 Functional Characterist ics - The functional charac te r i s t ics  
of the manipulator assembly s h a l l  be as specified i n  the subparagraphs 
here in. 
3.3.2.1 Manipulator Subsystems - The manipulator assembly has been 
categorized in to  four basic areas: structure,  actuators, end ef fec tor  
and control elements. 
3.3.2.1.1 Structure - The manipulator assembly s h a l l  consist of 
two major segments of approximately equal lengths with square cross 
sections and a .127/.152 an (.05/.06 in) typ ica l  w a l l  thickness. 
Reach - Working reach s h a l l  be from 30 c m  (1 f t )  m i n i m  
t o  244 cm (8 f t )  , measured along a line from 
the shoulder pitch axis t o  the wrist pitch axis. 
motions s h a l l  extend coverage t o  approach a hemispherical 
shape over the docking interface, 
Index 
Interchangeability - Interchangeable inter faces shall be 
provided between the manipulator assembly/Free Flying 
Spacecraft and end effector/wrist  r o l l  joint. 
Stowage - Stowage p rwis ion  s h a l l  * pi-ovided by the 
compact folding back on i t s e l f  at the elbow. 
3.3.2.1.2 Actuators - The manipulator assembly, s h a l l  use electro- 
mechanical actuators at each joint. The basic actuator consists of omtor, 
gear t r a in ,  feedback device, (tachometer, potentiorneter) and a brake. 
The actuators shall be designed t o  the following performance requirements: , 
(a) Travel - The manipulator assembly s h a l l  provide stops a t  
each jo in t  t o  permi t  the maxinnnn t r ave l  as follaws: 
Shoulder: Yaw - + 3.5 rad 200 deg) 
Pitch 3.2 rad (180 deg) 
Elbow: Pitch 3.2 rad (180 deg) 
Wrist: P i tch  2 1.6 rad (2 90 deg) 
P a'rl - + 1.5 rad 85 deg) 
Rr, l. 1 Continuous 
(b) Velocities - Both loaded and no load ve loc i t ies  s h a l l  k 
controlled t o  the maximum as follows: 
Elbow: Pitch 0.4 rad/sec (23 dsg/sec) 
A l l  Others: 0.2 rad/sec (11.5 deg/sec) 
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Applied Torques: 
Shoulder: Yaw 123 N-m (90 f t - l b )  
Pitch 123 N-m (90 f t - l b )  
Elbow: Pi tch 68 N-m (50 fc- lb)  
Wrist: l i t c h  
Yaw 
Roll 
20,5 F-m (15 f t - l b )  
20.5 N-m (15 f t - l b )  
20,5 N-m (15 f t - l b )  
Tip Forces: 
T i p  X,  Y ,  Z 44.5 N (LO lb )  
C r  i p  44,5-89 N (10-20 lb)  
Accelerations: Acceleration capab i l i t y  of the  d i f f e r e n t  
manipulator j o i n t s  f ron  zero ve loc i ty  t o  maximum ve loc i ty  
of 0.2 rad jsec  s h a l l  ? E  ;. cont ro l led  var iab le  as a func- 
t i o n  of t h e  applied torque. 
Braking: Brakes s h a l l  be provided on each j o i n t  ac tua tor  
with a no s l i p  hold capabi l i ty  up t o  the  values spec i f ied  
i n  paragraph 3,3,2.1.2.c. Brakes s h a l l  be se lec ted  t o  
provide full braking capab i l i t y  wi th  power off  and minimum 
power f o r  disengaged brake. 
Backdriveabili ty:  
components which make up the  ac tua tor  assembly s h a l l  
incorporate low i n e r t i a  design cha rac t e r i s t i c s ,  This 
provides ease i n  backdriving, low s t a t i n g  torque and 
quick response. 
The design o r  s e l e c t i o n  of r o t a t i n g  
Duty Cycle: 
the r a t ed  running torque f o r  a t  least 30 seconds without 
exceeding a motor ro to r  temperature of 200OC. 
Each actuator  s h a l l  be capable of applying 
End Effec tors  - The end e f f e c t o r  of t h e  mani?ulator assembly 
Serrated design s h a l l  be incorporated i n t o  s h a l l  be a parallel-jaw type, 
the jaws surface t o  provide s l i p  resistance, 
s h a l l  y r m i d e  r e s t r a i n t  and pivot points  f o r  special purpose tools .  
Recesses i n  the  jaw faces  
(a) G r i p  Distance - The end e f f e c t o r  jaw g r i p  width shall be 
at Least 7.6 cm (3 in). 
(b) G r i p  Speed - The end e f f e c t o r  jaws s h a l l  be capable of a 
closfng and opening ve loc i ty  of 5 cm/sec (2 in/sec) .  
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(c) G r i p  Force - The end e f f e c t o r  jaws s h a l l  apply a gr ipping 
force  of 44.5 t o  89N (10 t o  20 lb). 
(d) Backdriveabili ty - The power lidcage which provides the  
ac tua t ion  t o  the  end e f f ec to r  jaws s k a l l  be designed t o  
be non-backdriveable up t o  an  applied force of 224N (50 lb). 
3.3.2.1.3 Control Elements - The manipulator assembly cont ro l  
system s h a l l  be designed f o r  s impl ic i ty  and r e l i a b i l i t y .  
s h a l l  e x i s t  i n  case of a s ing le  f a i l u r e  f o r  the manipulator t o  operate  
in a contingency mode. The con t ro l  e l ec t ron ic s  and other  con t ro l  t le- 
ments s h a l l  provide the manipulator assembly the following cont ro l  
functions: 
The capab i l i t y  
(a) Control functions: 
. The manipulator assembly s h a l l  have a pos i t i on  error 
i n  t r ans l a t ion ,  anywhere i n  the defined work space, 
no g rea t e r  than f: 0.003 m e 0.01 f t ) .  
. The manipulator assembly s h a l l  have an x i e n t a t i o n  
( ro ta t iona l )  e r ro r ,  anywhere i n  t h e  defined work 
space, no grea ter  than - + 0,035 rad 2 deg). 
. The incremental motio: of the  manipulator will be no 
grea te r  than  i- 0 003 m C+ 0.01 f t )  i n  t r a n s l a t i o n  
o r  - + 1.45 x 13'30rad e 5 arc min) i n  a t t i t u d e .  
. Ihe manipulator assembly s h a l l  permit appl ica t ion  of 
a M X ~ I U ~  threshold force  of 2 N (0.45 l b f )  regardless  
of cont ro l  x d e .  
(b) Control Elec t ronics  - The ampl i f ie r  s h a l l  be e f f i c i e n t  
and reversing,  wi th  the  capab i l i t y  t o  provide motor pro- 
t e c t i o n  from cur ren t  surges and high vol tages  r e s u l t i a g  
from plugging o r  rapid reversal. 
s h a l l  be located i n  the  manipulator assembly on su i t ab le ,  
temperature regulated heat  sinks. Requiremints f o r  these 
hea t  s inks s h a l l  be determined by t h i  manipulator thermal 
analysis.  
eous t o  locate  t h i s  un i t  on the  Free Flyer. 
E lec t ronic  modules 
Due t o  the temperature range it may be advantag- 
(c) Temperature Control - Heat r e j e c t i o t  from the  manipulator 
ac tua tors  and a m p l i f i e r  s h a l l  be by passive conduction 
and radiation. Minimum temperature i n  the  manipulator 
s h a l l  be -lOO°C, while maximum motor r o t o r  temperature 
s h a l l  be l imited t o  200°C. The mnipu la to r  can be con- 
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t inuously i n  the sun, i n  the vehicle 's  shadow, or i,. the  
e a r t h ' s  shadow, Temperature sensors s h a l l  be provide6 
as required f o r  monitoring the  spec i f ied  l i m i t s ,  
(d) Feedback Dedces - The se l ec t ion  of a Rate-Rate 
Control Scheme, requires  t h a t  a l l  ac tua tors  s h a l l  be 
provided with both tachometer:: and potentiometers. 
Comand and feedback s igna l  processing, transmis sion, 
and decodind s h a l l  be provided by a separate conanunica- 
t i o n  system. 
l a t o r  s h a l l  be analog. 
Individual cont ro l  signals f o r  the  manipu- 
3.3.2.2 Manipulator Support Systems - Generally the  manipulator 
system requires  a number of support systems. 
one's include the cont ro l le r ,  the  cont ro l  computer, and the cont ro l  and 
d isp lay  s ta t ion .  These subsystems s h a l l  include but not be l imited t o ,  
the  functiorral cha rac t e r i s t i c s  specif ied herein. 
Some of the  more important 
3.3.2.2.1 Control ler  - The manipulator assembly motion control 
s h a l l  be provided at  a remote control  s t a t ion ;  rate type hand con- 
t r o l l e r s  reconmended are the  Apollo rate type cont r2 l le rs .  
six-degree-of-freedom cont ro l  s h a l l  be provided by two of these 3 degree- 
of-freedom type control lers :  
and the other  a p i s t o l  g r i p  a t t i t u d e  cont ro l le r ,  
The required 
One a T-bar handle t r ans l a t ion  con t ro l l e r  
The cont ro ls  s h a l l  be designed t o  permit the manipulator assembly 
operator with the  capabi l i ty  to: 
(a) Manipulator pos i t ion  increment i n  any axis ,+ 0.003 m c+ 0.01 ft). 
CD) Manipulatoz rate ( l inear)  0.55 m/sec (1.8 f t / s e c )  maxiwrm. 
(c) Manipulator a t t i t u d e  ,+ 1.45 x rad 5 arc min) 
increment per jo in t .  
(d) Manipulator a t t i t u d e  rate 0.2 rad lsec  (11.5 deg/sec) 
maximum. 
3.3.2.2,2 Control Computz - The computation system s h a l l  conta in  
the necessary algorithms, sequences, memory, ins t ruc t ions  and processing 
required t o  expedite operations cont ro l l ing  the manipulator assembly, 
( a )  A s-ervisory override capabi l i ty  s h a l l  be maintained by 
the I;ETS cont ro l  s t a t i o n  operator. 
(b) The computer rout ines  s h a l l  be adaptable and f l e x i b l e  
allowing direct  access and modification by the  FFTS operator. 
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(c) Computational requirements needed for  word memory i n  the 
r a t e  control scheme s h a l l  be  less than TBD words. 
(d) Computational cycle time s h a l l  be 0.017 sec or less. 
3.5.2.2.3 Control and Xsplav  Stat ion - The manipulator assembly 
control and display functions s h a l l  provide the capabi l i ty  for  an oper- 
a tor  t o  input, monitor results, and change parameters t o  mre accurately 
and quickly control  arm motions t o  desired locations or  targets .  These 
C6Q functions s h a l l  be integrated with C6D elements associated with the  
manipulator assembly carrier chicle control. 
s h a l l  include man/machine design considerations for  optimal location of 
displays,  controls, l ight ing and work statiot,. The hardwhre se l ec t ion  
and panel layouts s h a l l  be applicable t o  the  control  and display hardware 
charac te r i s t ics  specified herein. 
The in tegra t ion  procedure 
(a) Control and Display Hardware - The followirig control  
functions and associated hardware have been ident i f ied  
as a minimtun: 
Associated Hardware 
Control Functions Controls 3 i s  P lay 8 
Manipulator Assembly (refer t o  Para. 3.3.2.2.1) 
Control 6- jo in t  force, meters 
6-joint moment, meters 
E d  Effector,  G r i p  1-3 posit ion 1-grip force meter 
t o m  le 
open-of f-close 
Rate Ratio 1-3 posit ion 
(trans. & rotat ion)  toggle 
high-#d-lW 
Brakes ( joints)  1-push button status l i gh t s  inte-  
matrix grated with matrix 
(6-buttons 
on-of f 1 
Force Ratio l - rotary pot. 
Torque Ratio 1-rotary pot. 
Hazard Avoid  Toggle switch s t a tus  l i gh t  
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(b) Support Display Hardware - The most c r i t i c a l  FFTS sub- 
system which impacts the  maaipulator assembly con t ro l  
i s  the visu;? system. Typical t e l ev i s ion  v i s u a l  d i sp lays  
t h a t  provide che following CDS manipulator system with 
po ten t i a l  con t ro l  r e s t r i c t i o n s  iden t i f i ed  are: 
. The v i sua l  sensor s h a l l  provide rendi t ion  of the  
viewed area of s u f f i c i e n t  qua l i ty  and reso lu t ion  
t o  give the  operator information t o  make pos i t ive  
con t ro l  decisions.  
, The axis of o r i en ta t ion  is the X axis i n  conventional 
spacecraf t  coordinates , 
, The field-of-view i s  var iab le  from 0,122 rad (7 deg) 
t o  0.7 rad (40 deg). 
3.3,2,3 Power Source - Power w i l l  be provided from the  Free Flying 
vehicle  system a+ a voltage level o f  28 f 4 Vdc t o  the  manipulator 
as semb lv 
3.3,2,4 Power Consumption - The maximurrr power consumption of the 
manipulator assembly s h a l l  not exceed TBD watts per FFTS mission. 
3,3,3 h e r a b i l i t y  - 
3,3.3,1 i b l i a b i l f a  - The manipulator assembly s h a l l  be designed t o  
The use of proven components 3nd the  following r e l i a b i l i t y  goals TBD . 
techniques should be apulied t o  t h e  maximum extent.  
goal  t h a t  no s ingle  f a i l u r e  point shall adverbely a f f e c t  t he  safe ty  of 
personnel o r  t he  spacecraft .  
It s h a l l  be a design 
3,3,3,2 Main ta imbi i l t y  - 
(Anera1 Requirenrents - 
The manipulator assembly h a l l  be designed t o  provide 
ac ce s s i b  i 1 i t y  , r e p lace ab i lit y and service ab i 1 i t y  cons i 8 - 
t e n t  with e f f i c i e n t  servicing,  t e s t i n g ,  and maintenance 
requirements, Carefu l  considerat ion s h a l l  be given t o  
the  main ta inabi l i ty  of the  u n i t  and the  e l imina t ion  of 
po ten t i a l  sources of human induced f a i lu re s .  
The pr inc ip les  of nodular cons t ruc t ion  s h a l l  be employed 
i n  designing the manipulator assembly t o  permit maintenance 
and replacement t o  be performed a t  t he  component level, 
Components expected t o  requi re  serv ic ing  or maintenance 
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s h a l l  be designed t o  be accessible without the removal 
of other components, wire bundles, or f lu id  l ines.  
3,3,3.2,2 Additional Requirements for Inf l igh t  Maintainabili ty - 
Where in f l igh t  maintenance is  required based on the  c . - i t i ca l i t y ,  com- 
plexity,  r e l i a b i l i t y ,  o r  react ivat ion requirements , t h e  following s h a l l  
apply: 
(a) Posit ive malfunction i so la t ion  t o  the  compoxwnt leve l  s h a l l  
be provided a m  s h a l l  minimize necessity fo r  astronaut 
interpretat ions o r  reference t o  handbooks. 
s h a l l  be labeled with the nomenclature or the  cmponent(s) 
or area accessible  through it, 
Each access 
(b) Components s h a l l  be replaceable and adjustments possible 
with the use of a minimm number of too ls  which sha*l be 
standard too ls  wherever possible, 
pulator assembly s h a l l  make maximum use of standard re- 
placeable cmponents. Components, too ls ,  connectors and 
s jmilar  items s h a l l  be designed so as t o  f a c i l i t a t e  one- 
handed operation by a su i ted  f l i g h t  crew number. Too l s  
s h a l t  be compatible for  use i n  the  na tura l  and induced 
environments as applicable , 
The design of the mni- 
(c) Replacement component: s h a l l  be designed with v isua l  
alignment devices such as keys o r  pins. Blind i n s t a l l a -  
t ions  s h a l l  be avoided. 
3.3,3,3 Useful Life - The useful  l i f e  of the  manipulator assembly 
s h a l l  include the period from f i n a l  acceptance t e s t i n g  through shelf  
l i f e ,  prelaunch l i f e ,  operating l i f e  and u n t i l  destruct ion of its i den t i ty  
by f i n a l  disposal, This t o t a l  t i m e  s h a l l  be fo r  a period of 5 years, 
3,3.3,3.1 Prelaunch and Launch Life - The mahipulator assembly s h a l l  
meet the requirements of the spec i f ica t ion  during the  exposure time of the  
environments of paragraphs 3.3.3.4.1 and 3.3.3.4.2. 
3.3.3.3.2 Operating Lifetime - The manipulator assembly s h a l l  meet 
the  requirements of t h i s  specif icat ion during 100 hours (per orb i t ing  
m i s s  ion) of exposure t o  the  environments of paragraph 3.3b3.4.3. 
The manipulator assembly s h a l l  be capable of 100 orb i t ing  missions to  the 
above environmental exposure, 
3,3,3.4 Environments - 
3.3.3.4.1 Natural Envirorrments - The na tura l  environments include 
The manipulator assembly s h a l l  perform as t ransportat ion and storage. 
specified herein a f t e r  exposure i n  a non-operating condition LC any com- 
bination of the following envirornnents and ranges. 
(a) Temperature: -40°F t o  +160°F 
6) Pressure: 500 maHg (5 psia) t o  1260 ndig (20 psia) 
(c) Humidity: TEiD 
(d) E t c .  (Salt fog, Rain Fungus, Sand and Dust Acceleration, 
Shock a d  Vibration - as per Shuttle Program Fright and 
Ground System Spec). 
3.3.3.4.2 
perfom a f t e r  exposure t o  the following enviroments and ranges of 
paragraph 3,2,1.3. 
Orbiter launch and ascent euvironraents. 
Induced Emriromnents - The manipulator assembly s h a l l  
The paragraphs of primzry concern include Shuttle 
3.3.3.4.3 Orbi ta l  Emrirorrments - The manipulator assembly shall 
perform during and a f t e r  exposure t o  the following environnents and 
ranges and t o  the envirolnnents of paragraphs 3.2.1.3.c and d. 
(a) Temperature: -100OF t o  +200°F 
6) Pressure: 500 H g  t o  e 
4 
I (c) Radiation: TBD rad/day 
(d) ContaminatS.on: TBD 
(e) Hurrlidity, Shock, Vibration, Acoustic - These values 
t o  be compatible with Shuttle Program. 
3.3.3.5 Transportability - W i r e  possible the  iPanipulator assembly 
s h a l l  be designed t o  withstand handling and transportation emirmats  
without the necessity of special containers, or the necessity of numi- 
toring c r i t i c a l  environments t o  verify tha t  design limits have not been 
exceeded, Where warranted, special packaging and transportation methods 
sha l l  be used t o  provide adequate protection and control during shipment. 
3.3.3.6 Human EngiIleering - The manipulator assembly shall be 
designed so t ha t  controls are readil) accessible, suitably arranged, 
properly identified and of such s i ze  and construction as t o  permit  con- 
venience and ease of o?eration. Ccntrolled characteristics such 88 
sens i t i v i ty ,  volume and voltage, s h a l l  increase with clockwise ro ta t ion  
of the control as seen from the operating position. 
f l u id  systems controlled by hand operated valves s h a l l  increase with 
The flow rate i n  
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counterclockwise rotation of the control as seen f raa  tk operating 
position. The opening Df doors, leus covers, and the like, shall ,  
when effected by rotation of a control, increase with counterclockwise 
rotation of that  control. The position of the device (doors, lens 
covers, and the like) shall be displayed either directly or indirectly 
t o  the f l igh t  personnel. The setting, position, or adjustuent of the 
controls shall not be affected by vibrations, shock, or other servlce 
conditions. All controls sha l l  operate freely, smoothly, and easily 
without excessive binding, play or backlash, The manipulator assembly 
sha l l  comply with the design criteria of HItSllD-1472 a d  SEC-SlD-267A. 
3.3.3.7 Safety - 
(a) The asznipulator assembly sha l l  be designed t o  ensure that 
the safety of f l igh t  and ground p e r m 1  and the pre-- 
t ion of hardvare damage is a prbm consideratiou. The 
unit  sha l l  ha= adequate safeguards t o  prevent hazardous 
conditions and inadvertent operation; and, noma1 operations, 
copporpnt replacemat, the act of replacing caaponents, -1- 
functions, or failures shall not disable other e q u i w n t ,  
personnel, or the f l igh t  vehicle. 
(b) The design and construction of the manipulator assembly 
sha l l  be such that  ground or f l igh t  personnel required 
t o  handle, maintain or operate it w i l l  not be subject t o  
injury, Sharp edges and corners, burrs, and protuberan- 
c k s  are not permitted. The manipulator assembly shall 
be designed t o  prevent personnel contact with high tear 
perature surfaces and hazardous electrical points. 
3.4 Design Requirements 
3,4.1 General Design Features - The manipulator assembly shall con- 
sist of six-degrees-of-freedom plus a gripping capability on a gemral 
purpose manipulative device. 
sha l l  be asembled according t o  the  dimensions specified herein. Per- 
formance requirements for the manipulator elements shall be as specified 
in paragraphs 3,3.2.1 and 3.3.2.2, 
The elements used t o  provide t h i s  capability 
3.4.1.1 Size and Configuration - The size  and configuration shall 
be in accordance with the information presented in Fig. 1, 
3,4,1.2 Weight - The manipulator assembly attached t o  the FFXS shal l  
be designed t o  a minimrrm weight but shall not exceed 34 Kg (75 lb), 
3.4.1.3 Thermal Characteristics - The manipulator assembly sha l l  be 
designed so that  thermal interchange with its potential heat sinks can be 
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accomplished by conduction and radiat ion.  A d e t a i l e d  t h e m 1  in t e r f ace  
document s h a l l  be prepared and cofitain, but not be l imited to ,  t h e  thermal 
mass proper t ies ,  mounting conductance, visw factor;, o r i en ta t ion  and 
emiss iv i ty  and abso rb i t i v i ty  of t h e  r ad ia t ing  surfaces.  
ana lys i s  the  capab i l i t y  of maintaining the  temperatwe of the  motor 
r o t o r s  i n  the  j o i n t  ac tua tors  between -78OC t o  +2OO0C i s  the  prime t h e r -  
mal design drLver. 
From preliminary 
3.4.1.4 giwinp; Devices - For any links es o r  other  devices which requi re  
accurate  a l igmenc  by adjustment, t h e  nanipu f a to r  assembly s h a l l  include 
provisions for a l i g n w n t .  Tscation o€ r igging points  shall be access ib le  
fo r  recheck of aligllmznt without removal of any components. 
3.4.1.5 Fa.ctors of Safety - Struc ture  of t he  manipulator assembly 
and components s h a l l  be designed i n  accordance with the  following: 
(a) S t ruc ture  s h a l l  not y i e l d  a t  1.0 t i e s  l i m i t  load. 
(b) St ruc tu re  s h a l l  not f r a c t u r e  or  become unstable  a t  1.4 
times l i m i t  load. 
3.4.1.6 lub r i ca t ion  - The manipulator assembly s h a l l  be designed 
so t h a t  no lub r i ca t ion  i s  required during or a f t e r  Acceptance Tests.  
h b r i c a n t s  used p r io r  t o  t h i s  s h a l l  meet the  requirements of Paragraph 
3.4.9.2. 
3.4.1.7 Coating and Finishes  - All approved drawings def in ing  the  
manipulator assembly s h a l l  ident i fy  the  sur face  preparat ion,  coa t ing  
material, number of appl ica t ions ,  dry coat ing,  o r  p l a t ing  thickness ,  
color  f i n i s h  requirements process con t ro l  and other  requirements, t o  
completely con t ro l  f i n i s h e s  and processes. 
3.4.1.8 Electrical Scherratic - E l e c t r i c a l  L terconnec t ions  s h a l l  be 
i n  accordance with the  requirements of Fig. 2 herein.  
3.4.2 In te r face  Requirements 
3.4.2.1 Mechanical - The mechanical i n t e r f ace  shall def ine  i n  
d e t a i l  the  hardware required t o  a t t ach  the manipulator assembly t o  the  
Free Flyer  Spacecraft ,  I n  addi t ion  t o  size,  configurat ion,  weight and 
center  of grav i ty ,  t h i s  d e f i n i t i o n  s h a l l  include axis o r i en ta t ion ,  
mmint  of i n e r t i a ,  unbalanced angular moments, alignment, and attachment 
procedures. 
3.4.2.2 Electrical The e l e c t z i c a l  i n t e r f ace  diagram for the  mani- 
pulator  assembly s h a l l  be prepared. 
t r ica l  in te r face  s h a l l  include as a minimum, type and s i z e  of connector, 
and p in  assignments. 
The de ta i l ed  d e f i n i t i o n  of t he  elec- 
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3.4.3 I d e n t i f i c a t i o n  f o r  Traceabi l i ty  
3.4.3.1 Iden t i f i ca t ion  - I d e n t i f i c a t i o n  and marking of the  manipu- 
l a t o r  assembly and pa r t s  s h a l l  be in  accordance w i t h  MIL-STD-130. 
plates s h a l l  be used, where applicable,  i n  accordance with the  format 
of Ms24123 f o r  ident i f ica t ion .  
ident i f ied  by a p a r t  nmber and serFal nmber assigned by the  supplier.  
Nameplates on the  assembly s h a l l  include a t  least the  f o l l m i n g  informa- 
t ion: 
N e -  
Devices wi th in  the assembly s h a l l  be 
. Manipulator p a r t  number 
. Approved nomenclature 
. Manufacturer's p a r t  number 
. Manufacturer's name or  trademark 
. Model designat ion 
. S e r i a l  number (as spec i f ied  i n  the Procurelnent Agreement) 
. Contract number - (as spec i f ied  i n  the Procurement Agreement) 
3.4.3.2 Traceabi l i ty  - Each manipulator assembly component s h a l l  
be assigned a p a r t  number and a serial number. 
tained (at each level) which show configuration, processing, fabr ica t ion ,  
and test h is tory  data. Each pa r t  and material used i n  the  assembly s h a l l  
have the  p a r t  o r  material suppl ier ' s  l o t  i d e n t i f i c a t i o n  recorded. 
Records s h a l l  be main- 
3.4.4 Electromagnetic Compatibil i ty - The manipulator assembly 
sha l l  meet the  requirements as per the  Free Flying Teleoperator System 
Specification. 
3.4.5 Malfunction I so l a t ion  - The manipulator assembly s h a l l  have 
test points  fo r  use i n  malfunctioii i so l a t ion  and checkout of components. 
These test points  s h a l l  be brought out of t he  component on a separa te  
checkout connector. The design of the  c i r c u i t s  which in t e r f ace  with the  
checkout connector s h a l l  be such as t o  insure t h a t  operat ion w i l l  not be 
impaired by normally functioning test equipment. Additionally,  t h e  test 
points s h a l l  be protected such t h a t  degradation w i l l  not r e s u l t  by shor t  
c i r c u i t s  from the  test point t o  ground, power o r  adjacent test points. 
3.4.6 Interchangeabi l i ty  - Like  assemblies, components, devices and 
parts s h a l l  be f u l l y  interchangeable both physically and funct ional ly .  
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3.4.7 Redundancy - The design of the manipulator assembly which 
incorporates redundancies s h a l l  include a means of ver i fying sa t i s fac tory  
operation of each redundant path at  any t i m e  the  system requires testing. 
Redundant items shall be located t o  ensure t h a t  an event which damages 
orre w i l l  not damage the other. 
3.4.8 Single Fai lure  Points - The manipulator assembly s h a l l  be 
der;!sned so t h a t  a s ingle  point f a i lu re  sha l l  not a f f e c t  astronaut 
o r  ground per80111~51 safety,  cause loss  of a f l i g h t  vehicle o r  module, 
prevent or  compromise accomplishuent of a primary mission objective o r  
cause a launch t o  be rescheduled. 
3.4.9 Materials Parts and Processes - Materials, par t s  a d  processes 
s h a l l  be of the  highest qual i ty  compatible with the  requirements specif ied 
herein. 
3.4.9.1 Dissimilar Metals - Unless su i tab ly  protected against  elec- 
t r o l y t i c  corrosion, diss imilar  metals, as defi-d in  MS33586, shall not 
be used in d i r e c t  physical contact. 
low impedance path t o  radio frequency currents. 
s h a l l  be designed so t h a t  no f a i l u r e s  w i l l  occur due t o  stress corrosion 
resu l t ing  from exposure t o  specif ied natural and induced environments 
o r  from f lu ids  used i n  or on the components of the  manipulator a s s d l y  
duriog fabricat ion,  cleaning, flushing, inspecting, t e s t ing  o r  operating. 
Any protection used s h a l l  o f f e r  a 
The manipulator assembly 
3.4.9.2 Non-Metallics - Non-oletallics s h a l l  not be used on the 
aunipulator assembly, 
j u s t i f i e d  through intended use, past  use, amount used, mechanical pro- 
perties, and their resistance c a p a b i l i t k s  t o  fLaamability and offgaaing. 
I f  non-metallics are required they shall be 
3.4,9.3 Standard Parts - NASA, Air Force-Navy (AN), Military Stan- 
dards @) or jo in t  A i r  Force-Navy OAN) standard par t s  shall be used 
i n  the manipulator assembly where applicable,  Maximum economic stan- 
dardization of par t s  and components shall  be provided. Where ident ica l  
or  similar functions are performed i n  more than one application within 
the system, e f f o r t  s h a l l  be made t o  use only one item design for  a l l  
system applications. 
3.4.9.4 Processes 
3.4.9.4.1 Workmenship - The manipulator assembly, including a l l  
par ts  and components s h a l l  be designed, constructed and finished i n  a 
qua l i ty  manner. Defective plating, painting, riveting, machine-screw 
assembly, welding, brazing, de-burring, cleaning, and defective marking 
of parts and assemblies s h a l l  be cause fo r  re jec t ion  and rework. Manu- 
facturing practices s h a l l  be followed tha t  w i l l  produce qua l i ty  equl*pmmt. 
3.4,9,4,2 Welding - Resistance Welding (spot and seam) shall be in 
accordance with MIL-W-6858, Fusion welding of steel and corrosion re- 
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s i s t a n t  steels s h a l l  be i n  accordance with MIL-W-6811. Fusion welding 
of aluminum s h a l l  be i n  accordance with MIL-W-8604. 
3.4.9.4.3 Cleani% - The manipulator assembly and pa r t s  s h a l l  be 
cleaned i n  accordance with TBD , 
4.0 Q U A L I n  ASSURANCE XOVISIONS 
4.1 General - The requirements presented i n  Section 3 w i l l  be veri- 
f i e d  by tes t  or  assessment as spec i f ied  i n  t h i s  Section. 
and assessment types o r  methods f o r  the  various Sect ion 3 requirements 
are ident i f ied  i n  Table 4-1. 
Spec i f ic  test 
4.1.1 Test ‘&pes - Test types include the  following: 1) Develop- 
ment, 2) Qual i f i ca t ion ,  3) Acceptance - Manipulator Contractor,  Accept- 
ance - System In tegra tor ,  and Acceptance - Shut t le  Integrator .  A b r i e f  
d e f i n i t i o n  of these tes ts  as used he re in  is  as follows. 
4.1.1.1 Development Test - Development tests s h a l l  v e r i f y  f eas i -  
b i l i t y  of the design approach and provide confidence i n  the  a b i l i t y  of 
the  hardware t o  pass qua l i f i ca t ion  tests. Tests s h a l l  be performed 
primarily t o  acquire da t a  t o  support the  design and development pro- 
cesses; however, d e v e l o p n t  t es t  da t a  may a l s o  be used i n  l i e u  of qual- 
i f i c a t i o n  test i f  the  development hardware meets the  requirements f o r  
qua l i f i ca t ion  hardware (i.e., is i den t i ca l  i n  performance, configurat ion 
and f ab r i ca t ion  t o  the space vehic le  hardware). Developnrent test per- 
formed i n  l i e u  of qua l i f i ca t ion  tests w i l l  be subjected t o  the same con- 
t r o l s  and cons t ra in ts  as a qua l i f i ca t ion  test. Performance requirements 
of Sect ion 3 t o  be v e r i f i e d  by development tests are spec i f ied  i n  
Table 4-1. 
4.1.1.2 Qual i f i ca t ion  Test - Q u a l i f i c a t i o n  tests s h a l l  ve r i fy  t h a t  
hardware iden t i ca l  i n  performance, configurat ion,  and f a b r i c a t i o n  t o  
the  space vehic le  hardware meets the  performance ind design requirements 
under an t ic ipa ted  operat ional  environments of the appl icable  End I t e m  
Specif icat ion,  Tests s h a l l  be conducted as a formal demonstration 
t o  show a level of confidence, performance and design adequacy. 
Q u a l i f i c a t i o n  t e s t i n g  s h a l l  he performed at  the  component o r  assembly 
The q u a l i f i c a t i o n  test requirements s h a l l  be de- level where applicable. 
f ined i n  the  Manipulator General Test Plan, Component Qual i f ica t ion  Test 
Plan OBD). 
4.1.1.3 Acceptance Test - The acceptance tests performed on the  
manipulator s h a l l  v e r i f y  t h a t  the  manipulator system (end-item) conforms 
t o  appl icable  performance/design requirements. 
tests are envisioned: Manipulator cont rac tor ,  Manipulator/Vehicle inte- 
gra tor  (could be same locat ion as Manipulator Contractor) and Shut t le  
In tegra tor  @TR o r  W n Z ) ,  
Three bas ic  acceptance 
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(a) Acceptance Tests perform2 on the Manipulator/Vehicle 
verify t h e  interface performanceldesign requirements 
which bannot be ver i f ied  a t  the le-:ol of tiA> individual 
end- i t e m .  
(b) AccsptEnce Tests performed a t  the launch si te cre t o  ver- 
i f y  tha t  the f l i g h t  systems w i l l  meet mission performance 
requirements as an integrated "system" -md are physically 
and operationally compatible with msting hardware, systems, 
and ground support equipment. 
4,l. 2 Assessnsnt K2thods - Assessment methods include: 1; s imi la r i ty ,  
2) analysis, 3) inspection, and 4) validation of records, 
n i t i o n  of the methods as used herein follows: 
A br ie f  def i -  
Similarity - Testing s h a l l  not be required i f  it can be 
demonstrated, by review of pr ior  test data or application 
of hardware, t ha t  the article is sinilar or ident ica l  i n  
design and manufacturing process t o  another article tha t  
has previously been qualified t o  equivalent or more strin 
gent en-tironmental c r i t e r i a  (e.E;. , Skylab, Apollo and/oi 
Gemini hardware) , 
Analysis - Analytical te2hniques (e.g,, systems engineer- 
ing analysis, s t a t i s t i c s ,  modeling, e t c , )  may be used i n  
l i e u  of or  i n  conjunction with t e s t ing  t o  relate test 
data a t  eai-th-level cmdi t ions  t o  o r b i t a l  requirements 
(e.&, thermal, operational sound level,  leak, etc.). 
Inspection and-Item) - Inspection techniques (e,&, 
ve r i f i ca t ion  of compliance with drawings, wire coding, 
material compliance, etc.) may be used i n  l ieu  of or  i n  
conjunction with tedting t o  verify design features 
(e.& , habi tab i l i ty ,  mounting and storage provisions, 
bonding, service access), 
Validation of Records - Validation of manufacturing 
records (e,g,, inspection, material, assembly, etc.) 
or otSer records may be used i n  l i e u  of or i n  conjunction 
w i t h  testing/analysis t o  verify compliance with the require- 
ments. 
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5.0 PREPARATION FOR DELIVERY 
6.0 NOTE3 
6 . 1  References 
1, NASA Contract NAS8-30266 "Statemnt of Jork - Enclosure #l" 
Baseline Free-Flying Teleoperator System. Sept.  , 1973. 
"Space Shuttle Pevload A c c d a t i o n s l '  JSCO77Oc), Vol XIV, Rev B ,  
December, 19 73. 
2, 
3. "The 1973 NASA Payload h d e l " ,  National Aeronautics And Space 
Administration, October, 1973. 
4. "Shuttle Remote Manned Systems Requirements Analysis" , Contract 
NAS8-29904 Pre1hina:y Firal Report, MCR-73-337 (Vols. 1-111) , 
Martin Marietta Corporation, Denver, Colorado, December, 1973. 
6.2 Abbreviat2-ons - TBD 
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E. SIMULATION 
I. Introduction 
The purpose of the Slave Manipulator Arm (SMA) simulation was four- 
fo1.d: 
1 .  Evaluate the comparative merits of unilateral rate and bilateral 
position control, 
2. Getermine the functional capabilities of the newly fabricated 
inanipulator arm, 
3. Examine the operational qualities of the newly constructed 
nongeometric bilateral controller, 
Investigate the usefulness and workability of the data displays 
b 
4. 
ai 3 operator controllable functions incorporated in the operator's 
control console. 
Foremost of the simulaLion goals was an attempt to answer the much 
debated question, "Is a bifateral force reflecting manipulator system 
actually required to perform the various tasks applicable to a Shuttle 
or Free Flyer articulated manipulator?" To answer this question, both 
unilateral rate and bilateral force reflecting control law equations 
were developed to yield highly versatile systems capable of incorporating 
the desired features, as determined from previous Martin Marietta 
contractual efforts in the remote manipulator field. 
Both unilateral and 5ilaceral control techniques utilized a spherical 
b::se coordinate system A ~ U  permitted applied manipulator forces and 
moments, derived from t h e  contrr a. 'SM, to be displayed at the 
operator's console. To L : I  3le force and motion reflecting 
ratio and tne inclusion oi p:t~iiion indexing for bilateral control, a 
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nongeometric, s l i d ing  base, force  r e f l ec t ing  c o n t r o l l e r  vas developed. 
Being the only knom b i l a t e r a l  nongeometric cont ro l  sysrem in exis tence,  
z 3 t  only the merit of the cont ro l  philosophy but a l s o  the  operat ional  
q u a l i t i e s  of the con t ro l l e r  were '10 be determined. To f a c i l i t a t e  
manipulator control  using both the rate and pos i t i on  schepes, the  
opera tor ' s  consdie included the following functional controls :  
1. Variable force and motion r e f l e c t i n g  ratios f o r  pos i t ivn  
control ,  
Variable t rans lac ion  and r o t a t i o n  con t ro l l e r  s e n s i t i v i t y  for 
rate cofitro;, 
2. 
3. Select ion of brist attitude control: 
a. manual Tontrol 
b. range hawk cont ro l  
c. f u l l  hawk cont ro l  
4. Iris, focus, and zoom cnscro; of television c-ra lens, 
5. Manipulator applied forces  and m n t s  displayed via meter 
readouts, 
Actual gimbal pos i t ions  displayed via meter readouts, 
Warning ind ica tors  revealiug 70% to 90% of manipulator maxiasm 
force or torque was being u t i l i z e d ,  
Mono and stereoscopic t e l ev i s ion  d isp lays  of remote vork site. 
6 .  
7. 
8.  
The f i n a l  purpose of the s i m l a t i o n  was t o  inves t iga te  the  need and use- 
fulness  of each above cont ro l  o r  presented information with respect  t o  
accomplishing a s e t  of pre-determined tasks .  
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11. Simulation Equipment 
An information flow block diagram identifying the signals going to 
and from each piece of hardware used in :he siuulation is shown in Figure 
11-1. In the following, a description and the function of each hardware 
item is presented. 
Slave Manipulator Arm (SMA) - The major piece of equipment utilized in 
this simulation was the SMA, a 13.5 ft long, 7 degree of freedom (DOF), 
2 segment ( 6  f t length each segment), totally counterbalanced, manipulator 
arm. 
manipulator arm attached to the tree flyer. The 7th DOF (shoulder roll) 
was not used in this sumulation. Ihe arm was mounted in a configuration 
which resulted in a yaw, pitch, pitch, pitch, yaw, roll gimbal sequence, 
matching thdt of the FF manipulator. 
approximately 18 inches long. 
This arm, shown in Figure 11-2, was used to sinulate an actual 
The manipulator wrist segment is 
The arm joints contain dc torque drive amtors, tachometers, brakes, 
gear trains, and potentiometers. The amtors, tachometers and brakes 
are located on the input shaft to the gear trains, and the potentiometers 
are driven from the center gear of the three-pass gear trains. 
described in Section 111, the motors, tachometers and potentiometers are 
used in various ways to implement different types of control systems for 
actual arm operation. The SMA also has an operational terminal device 
(see wrist assembly close-up, Figure 11-3), and provisions for mono or 
stereo TV cameras j u s t  behind the terminal device (not used in this 
simulation). 
11-1. 
As 
Other SMA joint characteristics are sumaarized in T,ble 
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The SMA s t a t i c  de f l ec t ion  da ta  is presented in  Table 11-2. The 
t ab l e  shows the  de f l ec t ion  due t o  both s t r u c t u r a l  and gear t r a i n  f lex-  
i b i l i t y .  
brakes engaged) i s  approximately . 7  Hz with a cr i t ical  damping f ac to r  
of 15%. 
The na tu ra l  frequency of the  arm (when f u l l y  extended and 
The motion reso lu t ion  of the  SMA was determined by measuring the  
minimum possible movement of the  terminal device f o r  very small input 
commands. It was found t h a t  a l l  con t ro l  systems could input  cowrands 
smaller than tha t  required t o  move the  arm. 
commands (inputted by small pulses) increased the j o i n t  torque u n t i l  
s t i c t i o n  was overcome and the  arm moved. 
six degrees of freedom i s  l i s t e d  i n  Table 11-3. 
reso lu t ion  was determined i n  the  same manner, i.e. by small pulse  
input c o m n d s ,  when the arm was r i g i d l y  at tached t o  the  load cel l  
array. I n  t h i s  case, the  minimum force change frDm an impulse was 
b e t t e r  than the  reso lu t ion  of the  load c e l l  array.  
t h a t  SMA forces  a t  t he  terminal  device cau be cont ro l led  t o  less than 
. 2  l b s  and the  torques t o  less than .4 f t - lbs .  
SMA Control Console - The SMA Control console, shown i n  Figure 11-4 
performs numerous funct ions r e l a t i n g  t o  cont ro l l ing  the  s lave ann. 
A l is t  of the major functions follow: 
1, Potentiometer and Tachometer conditioning c i r c u i t s  - These c i r c u i t s  
gave gain change and b i a s  ad jus t  capab i l i t y  and noise  r e j e c t i o n  
t o  the  potentiometer and tachometer s igna l s  coming from the  SMA. 
sese signals  were sent t o  the  computer.) 
Eventually, the  small 
This r e su l t i ng  motion for a l l  
The SMA s ta t ic  force 
It is estimated 
E-8 
TABLE 11-2 SMA STATIC DEFLECTION DATA 
- 
Range - 3/16 inch 
Azimuth - 1/16 inch 
Elevat ion - 1/8 inch 
Segments Deflected 
Wrist P i t c h  - .1 Degrees 
Wrist Yaw - .2  Degrees 
Wrist Roll - .5 Degrees 
Shoulder t o  End E f f e c t o r  
Shoulder t o  Wrist 
Shoulder t o  Elbow 
Elbow t o  End Effec tor  
Elbow to I J r i s t  
Wrist t o  End Effec tor  
Deflect ion ( i n /  l b )  
S t r u c t u r a l  Only 
.10 
.06 
. O l  
.008 
Total  with Gear Trains  
.16 
.14 
.02 
.08 
.012 
.03 
I 
E-9 

2. Servo Compensating Networks (SCN) - These c i rcui ts  introduced 
phase s h i f t  (variable by potentiometer cont ro l )  i n t o  the cdnt ro l  
loops fo r  system s t a b i l i t y  purposes. 
Motor Drive Unit - This u n i t  cons is t s  of power suppl ies ,  power 
amplif iers ,  and associated c i r c u i t r y  f o r  supplying current  t o  the 
d.c. torque motors a t  the  SMA j o i n t s  proport ional  t o  an input 
voltage. 
t he  motors. 
3. 
The amplif ier  output2 are current  l imited t o  protect  
4. I n i t i a l  Condition (IC) Pots - The console contains four sets of 7 
pots (one f o r  each DOF) for s e t t i n g  the arm i n i t i a l  posit ion.  
I C  se lec tor  switch allows a choice of any one of the  four sets 
as well a s  an ex te rna l  I C  se t t ing .  
Contour Reset Sequence - These switches allow programming of the  
sequence i n  which the arm j o i n t s  r e t u r n  t o  t h e i r  IC posit ion.  
This capabi l i ty  i s  useful  f o r  preventing unwanted c o l l i s i o n s  
between the arm and nearby hardware. 
a r e  mode-change in tegra tor  networks which prevent s tep  cmnands 
Lo the arm whenever a mode i s  changed. 
Computer Control - These switches cont ro l  the computer mode, e.g. 
operate ,  ho ld ,  or IC,  Whenever the  Hold,Camp. I C ,  o r  Arm I C  
switches are act ivated,  cont ro l  of t he  arm is always maintained 
i n  the SMA Control Console. The computer is i n  cont ro l  only vhen 
the operate button is act ivated.  
Jo in t  L i m i t  C i r c u i t s  - These networks perform a safe ty  funct ion by 
removing powe; t o  the motors, and applying the  brakes, whenever 
the j o i n t  angles reach preset angular l i m i t s ,  These l i m i t s  are 
The 
5. 
In t eg ra l  with t h i s  c i r c u i t r y  
6. 
7. 
8. 
9. 
10. 
var iable  and can be set t o  any plus and minus angles. 
Local Posit ion T10op Ci rcu i t s  - These c i r c u i t s  allow loca l  posi- 
t i on  control of each jo in t  from a potentiometer input. 
power push buttons ac t iva te  the torque motor power amplifiers 
which then close the posi t ion loop around each joint .  
Other Control Switches - Master Power @n/Off), Emergency Shut- 
down, Shutdown Release, Power Test, Brakes (On, Release, 
Normal or  Computer Control), manual/computer control ,  end ef fec tor  
open/close, end ef fec tor  local/remote, and various other switches 
which selecr: information fo r  display on the  d i g i t a l  vo l t  meter. 
Monitor FuncLions - Two TV m n i t o r s ,  j o in t  angles, end effeccor 
position, and various indicatot l ights .  
The servo 
Computer - An EAI 231-R analog computer was used as the major con- 
t r o l l i n g  subsystem during ac tua l  arm operatioo. The computer was 
programmed with a l l  the  control  kaw equations (see Section 111) and 
used t o  c lose control loops around the  SMA joint8 and the  v e r t i c a l  
s l id ing  b i l a t e r a l  control ler  joints .  Most of the  control  func' Jns 
located on t b  operator's control  console were interfaced with the 
computer which introduced the  appropriate control  conditions. 
The computer was a l so  programed with the load cell  equations which 
resolve individual load c e l l  outputs t o  orthogonal forces am. moments 
about the  task  panel coordinate system. 
along with control system forces and torques were recorded on s t r i p  
chart  recorders which are part of the computer hardware. 
These forces and lPoments 
Approximately 1-1/2 analog consoles were used i n  t h i s  simulation . 
for a l l  the  control law equations, load cell  equations, and other 
E-12 
required ca lcu la t ions .  Each EA1 231-R analog console contains 30 
In tegra tors ,  45 Summer Amplifiers, 36 Mult ip l ie rs ,  and 3 Resolvers. 
Operator's Control Console - The operator 's  cont ro l  console used i n  
t h i s  simulation i s  shown i n  Figures 11-5 and 11-6. The console lsyout 
and design was based on simulation experiment considerations and would 
not necessar i ly  resemble t h e  space manipulator arm console. Figure 
11-5 shows mainly the display parameters used by the operator fo r  
determining h i s  input commands. The displays are a s  follows: 
Hazard Avoidance Indicator  Lights - not used. 
Jo in t  Angle Indica tc r  Light - Light f lashed (and a l s o  a buzzer 
sounded) when any j o i n t  came within 90% of i ts  e l e c t r i c a l  
l i m i t  i n  e i t h e r  the plus o r  minus d i rec t ion .  
Zoom Iens Pkter - Displayed the  zoom lens  s e t t i n g  i n  rn of the  
20 t o  100 nun zoom lens at tached t o  the  mono TV camera. 
Manipulator Jo in t  Angles - These meters displayed i n  degrees 
the  actual arm j o i n t  and/or for a l l  7 DOF. 
TV Monitors - The upper monitor displayed the  s t e reo  image and 
the  lower the  mono image of t h e  TV cameras mounted on the  pan/ 
tilt uni t .  
Posi t ion Override Lights - The uy,per l i g h t  bellow) came on when 
the  dr ive cooanand t o  any j o i n t  became 70% of i ts  maxhm capa- 
b i l i t y .  The lower l i g h t  (red) came on when the  collyaand became 
90"4 of its maximum capabi l i ty .  
Contact Light - Not used. 
was known from the force and moment meters. 
Contact of the  arm with the  t a s k  panel 
E-13 


8. 
9. 
Force and Moment W t e r s  - These mters displayed t o  t h e  operator 
the ac tua l  forces and moments that uere being applied to  the 
task panel. 
be eas i ly  changed from load c e l l  measured forces  and moments 
t o  control  law applied forces and torques. 
meters were relative t o  the fixed task panel  coordinate sysrem 
while the  control  l a w  parameters uere relative t o  the  range, 
azimuth, and elevat ion coordinate system for  t rans la t ion  and the 
pitch,  yaw, r o l l  manipulator w r i s t  axis  fo r  rotation. 
Power Switches - One switch turned console power on, and the  other 
switch performed the same function a s  the  emergency shutdown switch 
on the  S S A  console. 
The other switches o r  coa t ro l l e r s  shown i n  Figure 11-5 performed 
Computer function switches allowed the displays t o  
The load cell para- 
control functions. These are: 
1. Translatiollal and ro ta t iona l  rate hand-controllers - Described 
i n  the control ler  section. 
Pan/Tilt Controller - A 2-axis on/off pencil  type control ler  used 
t o  control the p t n / t i l t  uni t  on which the  TV cameras were mounted. 
Auto/Manua: Switch - This switch allawed the operator t o  select 
automatic tracking (auto posit ion) of the end ef fec tor  by the  TV 
cameras. In t h i s  position, a manual override capabi l i ty  was 
available. In  the Manual posit ion,  only mama1 control  was allowed. 
Figure 11-6 shows more of the control functions avai lable  to  rhe 
@his p a n e l  was located t o  the  l e f t  of the  operator.) 
2. 
3. 
operator. 
control functions are as follows: 
These 
7-16 
1. Position Control Ratio (Positior, mode only) - These  d i a l s  allowed 
se lec t ion  9f a nigh and D low t r ans l a t iona l  motion r a t i o  between 
position cont ro l le r  notion and slave motion. The low r a t i o  
ranged from 1:lr t o  1:5 and the  high from 1:s to  1:lO. 
or high ratios were selectable  from a 2 p6sicicn switch located 
on the  posit ion cont ro l le r  grip, 
Rate Control Ratio (Rate mode only) - These d i a l s  allowed se lec t ioc  
of the  naximrrm t i p  veloci ty  fo r  t r ans l a t iona l  motior. and maximum 
angular veloci ty  for wrist m t i o n  and ro t a t iona l  motion which 
would be obtained when the 3roportional cont ro l le rs  are def lected 
fu l l .  
and the  ro ta t ion  rates from C! t o  8 d..gjsec. 
The l o w  
2. 
The t rans la t iona l  veloci ty  ranged from zerc to  2 f t / s ec ,  
3. Force Ratio - This d i a l  allowed se lec t ion  of the force ratio 
between control ler  force f e l t  by the  operator and the slave force 
applied by or  t o  the  ann. 
The implementation of t h i s  control  variable w a s  i n  the  slave loop 
(see Section 111 on Control Laws) and e f f ec t ive ly  varied t t e  slave 
posit ion loop gain. As such, t’ne d i a l  also allowed varyiP4 the 
slave loop gain when cperating it the  rate mode. The r e s u l t  of 
varying the  slave loop gain uas the  a L i l i t y  t o  vary the backdrive- 
a b i l i t y  and compliance of tite slave.  
Wrist Torque Ratio - This d i a l  performed the  same function as the 
force r a t i o  d i a l  except that it applied t o  the  cont ro l le r  w r i s t  
j o in t s  and the slave w r i s t  jo ints .  
from 1:0 t o  1:15. 
the slave in  the rate mode operation a l so  applies.  
The ratio was variable  from 1:0 t o  1:4. 
4. 
The torque r a t i o  was var iable  
The variable  backdriveabili ty and compliance of 
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Wrist Angular Ratio (Position Mode only) - This d i a l  allowed 
se lec t ion  of an angular m t i o n  ratio between slave wrist angles 
and cont ro l le r  wrist angles. 
t o  1:4. 
T/D Closure Rate - This function was not implemented in t h i s  s i m -  
ulation. 
of the terminal device from 0 t o  1 in/sec. 
Control W e  Switches - These switches were not operational. 
Posit ion or rate modes were selected from function switches on 
the  analog computer. 
Control Axis Switch - This switch was not operat ional  s ince only 
one camera locat ion was used, Its function would have been t o  
switch monitors, and coxitrol axes, from one TV camera t o  another. 
Hawk Mode - This switch allowed se lec t ion  of e i t h e r  f u l l ,  range, 
or  no automatic terminal device a t t i t u d e  hold. 
hawk modes are explained i n  Section 111. 
Hazard Avoidance - Not implemented. 
Video Iens - These three switches allowed remote control  of the 
Iris, F ~ c u s  ami Zoom s e t t i n g  of the  mono TV carpera lens. 
potent iomter  allowed control  of the speed af the  the  dr ive  motors. 
Nono Camera - The switch was not cperat ional  since no camera at 
the t i p  was used. 
The r a t i o  was var iable  from 1:0 
Its purpose vould have beer t o  vary the  closure rats 
The full and range 
The 
Control lers  - Two types of input hand cont ro l le r8  were u t i l i z e d  in 
these simulations: a) Two 3-DOP Apollo type rate hand cont ro l le rs  
used for the  r a t e  system, and b) a tj-.WF v e r t i c a l  s l i d ing  type b i l a t e r a l  
E- 18 
(force-feedback) hand cont ro l le r  used for  the pos i t ion  mode. The two 
r a t e  con t ro l l e r s  a re  shown in  Figure 11-5, both a re  proport icnal  t y p e  
which means tha t  a voltage output is  obtained as a function of con- 
t r o l l e r  def lect ion.  The left-hand cont ro l le r  operated the 3 trans- 
la t5onal  DOF, range, azimuth and elevat ion,  and the  right-hand con- 
t r o l l e r  operated the 3 ro t a t iona l  DOF, pi tch ,  yaw, r o l l .  A switch 
on the ro t a t iona l  cont ro l le r  w a s  used f o r  rempte open/close operation 
of the  term<-nal device. The 6-DOF pos i t ion  con t ro l l e r  and i t s  con t ro l  
console is shown i n  Figure 11-7. 
The cont ro l le r  had the following gimbal sequence: r o l l ,  p i tch,  
v e r t i c a l  s l i d e ,  (for t r ans l a t iona l  motion), yaw, pitch,  r o l l  (for 
ro t a t iona l  motion). Each DOF contains  a dc motor, tachometer, gear 
t r a in ,  and potentiometer such t h a t  a servo loop can be closed around 
each DOF. The cont ro l le r  cha rac t e r i s t i c s  are sumnarized i n  Table 
11-4. 
cont ro l  l a w  inputs  is covered i n  Section 111. 
The manner i n  which the pos i t ion  con t ro l l e r  was used t o  obta in  
The posi t ion con t ro l l e r  g r i p  contains  th ree  switches which could 
One is be ac t iva ted  by the operator while maneuvering t h e  slave arm. 
the  high/low posi t ion motion r a t i o  previously mentioned; 
an open/close t e r n i n a l  device cont ro l  switch; and the th i rd  i s  the 
indexing switch. 
move the con t ro l l e r  t o  any new posi t ion without a f f ec t ing  s lave motion 
(effect ively disconnects the con t ro l l e r  from the slave). 
t h e  second is 
This switch when ac t iva ted  allows the  operator t o  
The posi t ion c o k r o l l e r  cont ro l  console performed t h e  same function; 
f o r  the cont ro l le r  as the SMA cont ro l  cor.sole did for  t h e  s lave arm. 
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The con t ro l l a r  console contained potentiorneter and tachometer condi- 
t ioning c i r cu i t s ,  servo compensating networks, motor d r ive  un i t s ,  l oca l  
position loop c i r c u i t s ,  and s igna l  monitoring functions. 
Viewim System - All slave operat ion was conducted by remote viewing 
using two t e l ev i s ion  cameras mounted on a p a n / t i l t  un i t  and tripod. 
The cameras were located a t  SM4 shoulder p i t ch  height  (84 inches above 
f loo r  leve l )  and 65 inches t o  the l e f t  (-y) of the  a r m  base. Both 
cameras were equipped w i t h  20 t o  101) mu zoom lenses  with remote iris, 
focus, and zoom control.  
t o  the lower mono monitor a t  the  operator 's  con t ro l  console, 
camera had remote iris, focus and zoom con t ro l  from the  console. 
of both the  cameras were used t o  generate  a Fresnel  type s t e r e o  display 
which was presented t o  the  operator on the  upper screen a t  the  cont ro l  
console. Since the  mno c m r a  was a l s o  one of t h e  s t e reo  pa i r ,  s t e r eo  
could be seen only when the  zoom s e t t i n g  of t he  mono camera matched the  
second camera zoom se t t ing .  
the operator could e a s i l y  obta in  using the  zoom lens s e t t i n g  meter 
on control  console. 
The output of one of t h e  cameras was sent  
This 
Output 
This occurred a t  a 64 mm setting, which 
No attempt was nude i n  t h i s  simulation t o  sinulate s p a t i a l  l igh t -  
ing conditions. 
ing, and presented no TV viewing problems. 
Task Panel - The t a sk  panel used t o  simulate service and maintenance 
type tasks by s p a t i a l  manipulators i s  sllown i n  Figure 11-8. 
contains fixed bars ,  r ecep t i c l e s  f o r  inser t ing  var ious size rods and 
boxes, and f r i c t i o n  force  and torque devices. 
the operator was requireJ  t o  accompliah using t h i s  task panel are 
Task panel i l luminat ion was from normal foom l ight -  
The panel 
Specif ic  tasks t h a t  
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111. Control Law Implementation 
A. INTRODIETION 
Control laws r e f e r  t o  the equations used tr, i n t e r f ace  the  con t ro l  input 
devices with the  manipulator arm gimbal actuators .  
from very s i m p l e  t o  qu i t e  complex, depending upon the  desired v e r s a t i l i t y  
t o  be desldned i n t o  the  manipulator system, One purpose of t h i s  simu- 
l a t i o n  was t o  evaluate  a set of Martin Marietta conceived con t ro l  equa- 
t i ons  tha t  a re  not only comparatively s i m p l e  but a l s o  extremely v e r s a t i l e  
i n  t h a t  they accommodate both u n i l a t e r a l  rate con t ro l l e r s  and a b i l a t e r a l  
force feedback pos i t ion  cont ro l le r .  The con t ro l  technique i s  somewhat 
unique, as w i l l  be described momentarily, i n  t h a t  t he  operator has con- 
t r o l  of c e r t a i n  se l ec t ab le  var iab les ,  an exa*nple being the  var iab le  
motion and force r e f l e c t i n g  r a t i o s  between ::he b i l a t e r a l  pos i t ion  con- 
t r o l l e r  and the  manipulator. 
These laws can range 
Preceding t h e  present simulation, i t  was believed t h a t  c e r t a i n  space 
re la ted  manipulator tasks ,  such as module retraction-replacement,  
connector engagement-disengagement , probe inser: m, etc. , might 
possibly only be accomplished with a b i l a t e r a l  force r e f l e c t i n g  
system. 
u l a t ion  was t o  compare u n i l a t e r a l  rate cont ro l  and b i l a t e r a l  pos i t ion  
control  when attempting t o  perform force r e l a t ed  tasks. From the 
onse’l of the  cont ro l  l a w  development, it was rea l ized  t h a t  t o  provide 
a f a i r  comparison of: che two systems, the  u n i l a t e r a l  rate con t ro l l e r s  
must have the dual capab i l i t y  o f ;  
the  arm ~ J Z S  f r ee  t o  move and, 2, commanding manipulator forces  when 
the object ive was t o  apply a force  o r  torque t o  a grasped object.  
For the  rate con t ro l l e r s  t o  succeed i n  performing force r e l a t ed  t a sks ,  
i t  was f e l t  t h a t  the a c t u a l  forces  and torques generated by the  man- 
ipu la tor  on i t s  environment must be v i sua l ly  displayed t o  the operator.  
To accomplish t h i s ,  the  information must be obtained 1- - a c t u a l  measure- 
ments or computed from re l a t ed  known parameters. Since a c t u a l  measure- 
ments a re  d e f i n i t e l y  impractical, t he  con t ro l  equatiotis were designed 
t o  pr ivide the  needed information which was displayed t o  the operator  
v i a  th ree  force and three torque meters. 
Based upon t h i s  be l i e f ,  an add i t iona l  ob jec t ive  of the  s h -  
1, conrmanding manipulator rates when 
B. CONTROL EQUATIONS 
A s  revea led  i n  t h e  Martin Mar ie t ta  c o n t r a c t u a l  r e p o r t  "Attached Manipulator 
System Design and Concept V e r i f i c a t i o n  f o r  Zero-g Simulation' '  (NAS9-13027) , 
c o n t r o l  of a m u l t i  degree-of-freedom a r t i c u l a t e d  manipulator with a b i -  
l a t e r a l  force  r e f l e c t i n g  non-geometric p o s i t i o n  c o n t r o l l e r  r e q u i r e s  t h a t  
t w d  po in ts  of comparison be s e l e c t e d ,  one on t h e  c o n t r o l l e r  and t h e  
o t h e r  on t h e  manipulator,  f o r  t h e r e  no longer e x i s t s  a one-to-one re- 
l a t i o n s h i p  between c o n t r o l l e r  and manipulator gimbals a s  i n  a master- 
s l a v e  system. These two poin ts  are n a t u r a l l y  def ined a s  t h e  hand g r i p  
on t h e  input  c o n t r o l l e r  and t h e  wrist gimbal assembly attachment poin t  
on t h e  s l a v e  manipulator. The coordinate  system used t o  d e f i n e  t h e s e  
poin ts  may be e i t h e r  Cartesian,  c y l i n d r i c a l ,  o r  s p h e r i c a l ,  S p h e r i c a l  
coord ina tes  were s e l e c t e d  f o r  t h e  S M  s i n c e  they a r e  t r u l y  a "na tura l"  
coord ina te  system f o r  a s i x  o r  seven DOF a r t i c u l a t e d  manipulator.  
Fig. 111-1 d e p i c t s  t h e  SMA degrees  of freedom and d e f i n e s  t h e  range 
vec tor ,  azimuth, and e leva t ior ,  s p h e r i c a l  parameters. Equations 111-1 
relates t h e s e  parameters t o  t h e  manipulator j o i n t  angles  r e v e a l i n g  the 
s i m p l i c i t y  of using t h e  s p h e r i c a l  approach. 
Figure 111-1 SMA Degrees of Freedom 
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a. 
b, 0 = 8  + Y  
r = 2 k Y ,  where Y =  Oe/2 
S 
c. IJ = Ps 
(111-1) 
As implied by Figure 111-1, manipulator con t ro l  i n  six degrees of 
freedom i s  divided i n t o  two - th ree  degree of freedom problems. 
Trans la t iona l  con t ro l  of t he  w r i s t  point i s  provided by range, azimuth, 
and e leva t ion  connnands o r ig ina t ing  f r m  the  b i l a t e r a l  pos i t ion  con t ro l l e r  
or  the t r a n s l a t i o n a l  u n i l a t e r a l  rate cont ro l le r .  Rotat ional  con t ro l  of 
the  wrist assembly is  accomplished i n  the pos i t ion  and rate modes by: 
(1) Connecting on a one-to-one bas is  t he  b i l a t e r a l  pos i t ion  con t ro l l e r  
wrist gimbals with the  manipulator w r i s t  gimbals. 
Associating each unilateral r o t a t i o n a l  rate con t ro l l e r  degree of 
freedom on a one-to-one b a s i s  with i t s  counterpar t  gimbal on the 
manipulator w r i s t .  
(2) 
The der iva t ion  of the  con t ro l  laws evolved by r e l a t i n g  manipulator 
wrist point cont ro l  t o  the  age old servo problem of cont ro l l ing  a 
sha f t  pos i t ion  or  rate i n  a s ing le  degree of f r e e d m  ac tua tor  mechan- 
ism.  That i s ,  an e r r o r  s igna l  is  formed between the  commanded range, 
azimuth, e leva t ion  (RAE) or  wrist pi tch,  yaw, r o l l  (PPR) pos i t ion  
o r  rate and the  
PYR values. These e r r o r  signals are related through forward loop 
gains  t o  forces  (for t r a n s l a t i o n a l  degrees of freedom) and torques 
(for r o t a t i o n a l  degrees of freedom) t h a t  the manipulator must apply 
t o  i t s  environment, mis technique is analagous t o  a normal servo 
system i n  which the  e r r o r  s igna l  is  r e l a t ed  t o  an ac tua tor  torque 
t h a t  must be applied t o  the  ro t a t ing  sha f t  assembly,) 
torques are obtained they can be applied d i r e c t l y  t o  the wrist PYR 
ac tua tors ,  whereas the del-ived t r a n s l a t i o n a l  forces  must  be transformed 
by torque d i s t r i b u t i o n  equations i n t o  torque values t h a t  a r e  used t o  
, ~ c d m t e  the shoulder and elbow gimbals. 
ac tua l  manipulator wrist point RAE o r  wrist assembly 
Once the  derived 
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As can be seen, t h e  c o n t r o l  philosophy i s  r e l a t i v e l y  uncomplicated 
which r e s u l t s  i n  equat ions  (de ta i led  below) t h a t  when operat i . .g  i n  
s p h e r i c a l  coordinates  a r e  q u i t e  s i m p l e .  R e i t e r a t i n g ,  t h e  do ainant 
f e a t u r e s  of t h e  c o n t r o l  equat ions are: 
For b i l a t e r a l  c o n t r o l ,  t h e  c o n t r o l l e r  t o  manipulator force  
r e f l e c t i n g  r a t i o  i s  opera tor  s e l e c t a b l e  and i n v a r i a n t  with arm 
geometry . 
For b i l a t e r a l  c o n t r o l ,  t h e  c o n t r o l l e r  t o  manipulator moticzl 
r a t i o  i s  opera tor  selectable and i n v a r i a n t  with arm geometry. 
For r a t e  c o n t r o l ,  the  input  c o n t r o l  devices serve dua l ly  t o  
command rates f o r  t h e  f r e e  moving arm and t o  command f o r c e s  
and torques f o r  t h e  s t a t i c  s i t u a t i o n .  
No p o s i t i o n  o r  r a t e  loops e x i s t  around any gimbal s i n c e  a l l  j o i n t  
a c t u a t o r s  a r e  dr iveq  with torque c o m n d s  der ived  by t h e  c o n t r o l  
law equations.  
The servo  system s t a b i l i t y  a n a l y s i s  becomes involved due t o  t h e  
nonl inear  na ture  of t h e  c o n t r o l  laws - although t h e  f i n a l  des ign  
servo e l e c t r o n i c s  are by no means complicated. 
Three C o r t r o l  Modes 
A s  s t a t e d  previously,  t h e  s imula t ion  eva lua ted  both u n i l a t e r a l  rate 
and b i l a t e r a l  p o s i t i o n  c o n t r o l  techni.ques. Actual ly ,  two types  of 
u n i l a t e r a l  r a t e  equat ions were used, y i e l d i n g  a t o t a l  of t h r e e  c o n t r o l  
modes simulated.  
The f i r s t  r a t e  approach? denoted " r a t e - r a t e "  , u t i l i z e d  t h e  comparison 
of a commanded range, azimuth, e l e v a t i o n  o r  a t t i t u d e  rate with t h e  
a c t u a l  range, azimuth, e l e v a t i o n  o r  a t t i t u d e  r a t e s  of t h e  manipulator,  
A r a t e  e r r o r  s i g n a l  was formed and r e l a t e d  t o  manipulator appl ied  
forces  and torques.  Thus, when,in contac t  with an o b j e c t ,  no f o r c e s  
o r  moments were produced unless  t h e  r a t e  c o n t r o l l e r s  were d e f l e c t e d  
and h e l d ,  the  magni-ude of t h e  appl ied  f o r c e s  and momnts being pro- 
p o r t i o n a l  t o  c o n t r o l l e r  displacement, The second r a t e  technique , 
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termed l l ra te -poa i t io r~" ,  integrated the r a t e  input commands wtich were 
then compared with acLual range, a z h u t h ,  e leva t ion  and a t t i t u d e  
posi t ions of the manipulator> -le posi t ion e r i o r  s igna l s  formed 
were proportional t o  the  desired forces  and torques. I n  cont ras t  
t o  the  "rate-rate" approach, a spec i f i c  con t ro l l e r  displacement now 
connnanded a t i m e  rate inciease of the force or  torque applied t o  a 
grasped object.  Thus, a constant applied pressure could be maintained 
by f i r s t  def lec t ing  the input cont ro l le r  (s) followed by a r e t u r n  t o  
the  ncu t r a l  posit ion.  
forces  and moments applied by the  manipulator, tha "rate-posi t ion" 
technique did not allow the  operator t o  simply use the  "hands-off" 
approach, for r e s idua l  forces  invariably ex is ted  when no input couunands 
were present. 
Note, i f  an objective was t o  relieve a l l  
The control  equations associated with each gimSal of t he  nanipulatoi  
and a l l  con t ro l l e r  degrees of freedom f o r  both rate approaches and 
the b i l a t e r a l  scheme are presented i n  the fullowing section. 
Rate-Rate Control 
1. Range 
Fig. 111-2 depic ts  the  cont ro l  equations and signal flow associated 
with the range degree of freedom. 
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p From operators consolr 
I .  I 
I 
~ 
f e 
- t  
-LSY 
e Multiglier 
L 
--w Frcm operator's console 
Range Rate Coranand 
from Cperator 
Figure 111-2 "Rate-Rate" Range Control Loop 
The notacion of Figure 111-2 i s  defined as follows: 
a. 0 
b. I, 
c. 'Y 
d. S'Y 
e,  i- 
e 
f .  pc 
g. e p  
11. K 
i, 1% 
E 
= manipulator elbow joint  rate  
= upper and lower manipulator segment length 
= 1/2 a 
= Sine (7) 
= actual range rate 
= c m n d e d  range rate 
= range rate error signal 
= controller srneit!'.vity gctiii 
= range forward loop gain 
e 
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j. Fr 
k. T& =i elbow act-ator torque cosnaad 
1. SCh' = servo compensation network 
= signal representing force 50 be appLied in range 
Azimuth Rate 
command from - 
The range rate input com&ind is operated on b-,j the controller sensi- 
t i v i t y  gain K which i s  an operatox selectable variable. 
s igna l  is compared w i t h  the actual range r a t e  of the manipulator t o  
form a range r a t e  e r ro r  s igna l  (e ). This ermr is related,  by the  f 
operator controllable forward loop gain l$, t o  the desired range force 
the  manipulator must apply. 
The resu l tan t  
S 
Ks From operator's console 
The force V a l *  is thcn coaditioned by lche torque d is t r ibu t ion  equation 
-Is? t o  reveal the desired actuator torque. The servo conditioning 
netuor$ controls the phase of the signa2 t o  assure sa t i s fac tory  i m p  
s tab i  Lity. 
Operator 
2. Azimuth 
TEilFpiier - ' 
Fig. 111-3 reveals the azimuth degree of freedom control loop, 
From operator's zonsole 
Figure 111-3 "Rate-gate" Azimuth Control Loop 
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a. lS = manipulator shoulder yaw rate 
b, L = a x m i p l a t o r  s e p n t  length5 
c,  7 = 1!2 8 e 
d. CY = Cosine (T) . 
= comnanded shoulder yaw rate 
= azimuth rate e r r o r  signal 
e* psc 
f -  ' i  
g. Ss = cont ro l le r  sensit:vity gain 
h. !$ = azimuth forward loop gain 
i. 
j. T = shoulder yaw torque comaand 
k. SCN = servo coapensation network 
= s igna l  represect ing force t c  be applied i n  azimuth d i r ec t ion  P 
Ys 
The azimuth rate input conmand is  conditioned wi th  the gain Ks then 
divided by the  range vector  length (2x7) to  produce r. cmmanded mani- 
pulator shoulder yaw gimbal rate. This comnand is compared w i t h  t he  
ac tua l  j o i n t  rate t o  y ie ld  an azimuth rate error signal. 
value i s  then processed using the s e  philosophy as described in t he  
above rsnge loop. 
Tile e r r o r  
3. E levat  ion 
l i g .  XII-4 snows t he  e l e r a t i o n  con t ro l  equations. 
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From opera- 
tor's con- 
sole 
Figure 111-4 "Rate-Rate" Elevation Control Loop 
a 
a. d, = shoulder pitch gimbal rate 
b. 8 = elbow gi&al rate 
c. 0 = elevation rate 
d. ";, = elevation rate error signal 
e .  '* = 212 8 
f ,  L = manipulator se-oment lengths 
&. CY = cosine (7) 
9 
.e 
e 
= cmtrol ler  sensit igity gain h. K 
i. l$ = elevation forward loop gain 
S 
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4. 
Gear Train L % A TO, SCN Motor and . 
s igna l  representing force t o  be applied i n  e leva t ion  d i r e c t i o n  
shoulder pi tch tcrq*ie counnand 
servo compensation network 
commanded e ievat  ion rate 
i I 
' b l t i p l i e r  ' 
The e leva t ion  control loop operztes on the same pr inc lp le  as do the 
range and azimuth loops. 
i n  torque commands t h a t  must be sen t  t o  both the shoulder and elbow 
pi tch  gimbals. 
Note t h a t  the  derived e leva t ion  force r e s u l t s  
conso le 
U r i s t  Pi tch Rate 
Command from Controller 
Wrist Pitch 
The wrist ? i t ch ,  yaw and r o l l  gimhals are iden t i ca l  i n  t h e i r  con t ro l  
technique and therefore  only the p i tch  j o i n t  is de ta i l ed ,  as shown i n  
Fig. 111-5. 
Figure 111-5 "Rate-Rate'' Wrist Pitch Control  Ioop 
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0 
a. Q, 
b, b 
.(3C 
'* 'ah 
d, R 
S 
e ,  $ 
f .  e' 
g. T 
Qw 
Qw 
h. SCN 
= wrist p i t c h  g m b a l  rate 
= c o m n d e d  wrist pi tch rate 
= wrist pi tch r a t e  hawk conunand 
= con t ro l l e r  s e n s i t i v i t y  gain 
= forward loop gain 
= rate e r r o r  s igna l  
= wrist pi tch torque comnand 
= servo compensation network 
The cont ro l  s e n s i t i v i t y  (K ) and torque (5) gains  are operator select- 
ab le  as i n  the  RAE loops. The presence of t h e  input rste hawk coaunand 
(%h is determined by the operator  as w i l l  be f u l l y  de t a i l ed  later i n  
t h i s  sect ion. 
s 
Rate-Posit ion Control 
As discussed previously, "rate-posi t ion" con t ro l  d i f f e r s  from "rate- 
r s t e "  i n  t h a t  t h e  input rate commands are integrated and campared 
with arm posi t ion values. 
and gimbal da t a  is now secvred i n  the  form of j o i n t  angular yosit ions.  
In tegra tors  are incorporated i n t o  the  system 
Due t o  the minor d i f fe rences  between the  two types of cont ro l ,  only 
thc  range degree of freedom, Fig. 111-6, i; presented t o  emphasizr 
the changes. 
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p From operator's console 
P r . * I  
- % +Q F sc E! e - U T  Motoz and Gear T l a i n  - 
'Multiplier , [ Multiplier 
v 
' *e + 
r 
c 
2Lcr 
C 
t 
? 7 
* s I K 
Mu It i p 1 ie r 
From operator's console 
I A c
Range rate comnand 
Figure I I I - 6  "Rate-Position" P.ar.ge Contro?. Loop 
a. 8, = manipulator elbow angular posit ion 
e b. 7 = 1/2 3 
c .  L = manipulator segmnt lengths 
d. r = length of rang? vector 
e ,  tc = comnanded range rare 
f .  er = range position error signal  
g. C? = Cosine (7) 
h. SY - Sine (7 )  
fi-35 
i. K = cont ro l le r  s e n s i t i v i t y  gain 
j. I$ = range forward loop gain 
k. F = derived force t o  be spplied i n  range d i r ec t ion  
1. Tk = elbow ac tua tor  torque comnand 
m. S C N  = servo compensation network 
s 
r 
The range rate input comnand i s  in tegra ted  and compared with the 
a c t u a l  arm range length t o  corm a range pos i t ion  e r r o r  s ignal .  This 
e r r o r  is piocessed iden t i ca l ly  t o  the rate e r r o r  of the ”rate-rate” 
approach. Note the in tegra tor ,  programed on an analog computer, is  
i n i t i a l  conditioned t o  the  range value t o  prevent servo sa tu ra t ion  
when the  computer is  switched from the  I.C. t o  operate mode. 
B i later a1 C ontro 1 
Fig. 111-7 depicts  the  gimbal l abe l l i ng  and ordering of the vertical  
s 1 ide r b i later a 1 pus it ion cont r o 1 le r . 
a 
‘h 
Figure 111- 7 B i l a t e r a l  Posi t ion Control ler  
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Movement of the  base p i tch  gimbal (@e) d e f l e c t s  the  hand g r i p  i n  the  X 
d i r e c t i o n  which corresponds t o  a range connnand. 
command i s  associated with movement of the base r o l l  (fJ Q) and e l e v a t i m  
i s  cont ro l led  v i a  the  v e r t i c l e  s l i d e r  4 . The wrist a t t i t u d e  gimbals 
jJh, %h, and p are r e l a t ed  on a one-to-one b a s i s  wi th  t h e  manipulator 
w r i s t  t h r ee  degrees of freedom. 
Likewise an azimuth 
h 
tor Motor - SCN - Manipula- 
Eb nge 
F 
2- %1 - 
The b i l a t e r a l  range equations appear i n  Fig. 111-8. 
& Gear Tr. lh 1t i p 1 ier h It i p l  ier  
d 
$8 -LSY 
Figure 111-8 Bilateral Range Control  Loop 
- 
E - 3 7  
2 U Y  
A 
Ks 
k 1 t i p  1 ier 
C ont ro 1 le r 
Motor & 
Gear Train 
- $2 - SCN 
8 
.e 
r 
% 
i 
4 
L 
Y 
C Y  
SY 
KF1 
%2 
Fr 
FX 
e9 
T 
e 
K 
SCN 
r 
S 
= manipulator elbow angular pos i t  ion 
= con t ro l l e r  base pi tch gimbal rate 
= length of range vector  
= conrmanded range r a t e  
= length of con t ro l l e r  v e r t i c a l  height  
= manipulator segment lengths 
= l / Z  a 
= Cosine (7) 
= Sine (Y) 
= manipulator range forward loop gain 
= con t ro l l e r  X forward loop gain 
= derived range force t o  be applied by manipulator 
= elbow torque comnand 
= derived X force t o  be appl ied by con t ro l l e r  t o  the  operator 
= con t ro l l e r  base p i tch  j o i n t  torque conmand 
= range pos i t ioc  e r r o r  signal 
= con t ro l l e r  motion r a t i o  gain 
= servo compensation network 
e 
A range rate coxnand is generated by multiplying the  con t ro l l e r  base 
pi tch rate by the  v e r t i c a l  height of the  hand g r i p  and the  cont ro l le r  
s e n s i t i v i t y  gain K 
ac tua l  range pos i t ion  t o  form a pos i t ion  e r r o r  s ignal .  
transforms i n t o  a manipulator range force and a con t ro l l e r  X force by 
the  forward loop gains $l and s2, respect ively.  
elbow and con t ro l l e r  pi tch torques are i n  t u r n  derived by the  d i s t r i -  
but ion equations : 
This rate is in tegra ted  and compared with the 
S. 
The e r r o r  s i g n a l  
Tine manipulator 
The con t ro l l e r  t o  manipulator force r e f l e c t i n g  r a t i o  (FRR) is  given by: 
KE'1 
%z 
FRR= 1:-, 
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2. 
Since I$.l i s  operator var iab le ,  the force r e f l e c t i n g  r a t i o  is  a change- 
able paramcer,  The motion r a t i o  (MR) between con t ro l l e r  hand g r i p  
and manipulator wrist  attachment point,  given by 
is likewise irdriable since the  operator cont ro ls  the  s e n s i t i v i t y  ga in  K 
Note t h a t  the force r e f l ec t ing  and motion r a t i o s  are independent  i n  t h a t  
varying one does not e f f e c t  the o the r ,  and both are invariant  t o  changes 
i n  arm geometry. 
S 
It might be wondered why a range rate comnand t h a t  must be integrated 
is  formed from con t ro l l e r  gimbal rate information instead of d i r e c t l y  
ca lcu la t ing  a pos i t ion  command. 
h t e g r a t e d  rate cr>nrmand is desired.  By depressing the  index button 
mounted on the hand g r ip ,  the in tegra tor  input  i s  grounded, and thus 
no comnand changes are sent  t o  the manipulator o r  control ler .  After 
completion of the procedure, the  index button i s  released r e s to r ing  
the rate comand t o  the in tegra tor  input. This technique requi res  
no indexing equations and results i n  no transients applied t o  e i t h e r  
con t ro l l e r  or manipulator. 
To f a c i l i t a t e  pos i t ion  indexing, an 
Azimuth and Elevation 
Fig. 111-9 and 111-10 reveal  t h e  b i l a t e r a l  cont ro l  equations coupling 
the input con t ro l l e r  with the manipulator azimuth and e leva t ion  degrees 
of freedom. 
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From Control Console 011 
- C ontr o 1 ler Motor 6r 
Gear Train 
Manipulator ' 
Motor & 
, Gear Train 
I 
SCN 
I 
From Control Console 
Figure 111-9 Bilateral Azimuth Control Loop 
-- manipulator shoulder yaw angular position 
= conmnanded shoulder yaw rate 
= length of controller vertical height 
a* ?s 
P S C  
c. 
d. L = manipulator segment lengths 
e,  Y = 1/2 0 
f ,  C Y  = cosine (?) 
g. Ks = controller motion ratio Sain 
h. 
e 
%L = manipulator azimuth foiward loop gain 
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= c o n t r o l l e r  Y forward loop g a i n  52 
j. f ~ p  = c o n t r o l l e r  base  r o l l  gimbal ra te  
k, epr = aziinuth p o s i t i o n  e r r o r  s i g n a l  
1. Fy 
m. F 
= der ived  Y f o r c e  t o  be a p p l i e d  by t h e  c o n t r o l l e r  t o  t h e  o p e r a t o r  
= d e r i v e d  azimuth f o r c e  t o  be a p p l i e d  by manipula tor  
= c o n t r o l l e r  base  r o l l  j o i n t  t o rque  comnand 
P 
bs 
TPQ 
0. T = shoulder  yaw torque  command 
p. SCN = se rvo  compensation network 
From contro'  
console . 
" 
From controi console 
Figure  111-10 Bilateral  E l e v a t i o n  Control Loop 
E-41 
a. Os = manipulator shoulder pi tch j o i n t  aiigular p o s i t A m  
b, Qe = manipulator elbow j o i n t  angular pos i t ion  
Y = 1/2 8 
j p  
0 
C Y  = Cosine (7) 
e 
= con t ro l l e r  v e r t i c a l  s l i d e r  l i nea r  r a t e  
= manipulator w r i s t  point e leva t ion  angle 
= e lev: t i o n  pos i t  ion e r r o r  s igna l  
= con t ro l l e r  moLion r a t i o  gain 
= manipulator e leva t ion  forward loop gain 
= con t ro l l e r  2 forword loop ga in  
= derived e l eva t ion  force t o  be appl ied by manipulitor 
= derived Z force t o  be a p p l i e d  con t ro l l e r  t o  operator 
= shoulder pi tch torque conmind 
Ks 
Sl 
s2 
FQ 
FZ 
L = manipulator segment l?ngths 
0 = commanded e leva t ion  rate 
SCN = servo compensation network 
Tes 
C 
The azir , : th an+ e leva t ion  b i l a t e r a l  cont ro l  loops a re  based on the  
same philosophy and have iden t i ca l  c a p a b i l i t i e s  (variable FRli and MR) 
as the range degree of freedom and therefore  do not requi re  a wr i t t en  
narrat ive.  
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4. Wrist Pitch 
Tho, control equations coupling the controller and 'manipulator wrist 
pitch, yaw and r o l l  degrees of freedom are identical ,  and therefore 
oniy the pitch gimbal i s  presented, Fig. 111-11. 
From control console 
9 
.I . 
. 
wc 
sum 
Console 
C ont r o 1 ler 
Figure 111-11 Bilateral  hr - i s t  ? i tch Control Loop 
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= uianipulator w r i s t  p i tch  angular pos i t ion  
= c s n t r o l l e r  w r i s t  p i tch angular rate 
= t-nded wrist p i t c h  rate 
= w r i s t  p i tch hawk comnand 
= con t ro l l e r  motion r a t i o  gain 
= manipulatcr wrist pitch forward loop Fain 
= con t ro l l e r  crist pi tch forward loop gaic 
L: wrist pi tch  pos i t ion  e r r o r  s igna l  
= wrist pi tch  pos i t ion  error s igna l  
= manipulator wrist p i t c h  torque command 
= con t ro l l e r  w r i s t  p i t ch  torque colllmanL 
= servo compensation network 
Analogous t o  the  t r a n s l a t i o n a l  degrees of freedom, Lhe att i tKdc equa- 
t i o n s  provide var iab le  torque r e f l ec t ing  and motion r z t i o  gairs .  
cont ras t  t o  the  RAE approach, dual  in tegra tors  are incorporated ?o 
properly process the  appl ied hzwk comnands. To eliminate the hawk 
colrmands from i t f luenc ing  the  input con t ro l l e r ,  two error s igna l s  
(e&, and c 
(em) and t h e  othe- possessing only positLon data (e,).
technique, che b i l a t e r a l  cocpling htwcen con t ro l l a r  2nd m n i y u h o r  
is unef fected when the rnanipulator w r i s t  a t t i t u d e s  are subjected 20 
hzdk control.  
In  
) a re  formed, o m  containing pos i t ion  and hawk informaticm eh 
With t h i s  
c. SERVO aTSTEM 
Servo Considerat ions 1. -
Following the formulation of cont ro l  l a w  equations,  3 servo system design 
must be performed t o  assure  the  t o t a l  manipuLato; system has the  desired 
operat ional  q u a l i t i e s  (i.e,, s t a b i l i t y ,  bandwidth, resonant frequency, 
e tc . ) .  The cont ro l  laws presented i n  Figs. 111-2 through 111-11 present 
a somewhat formidable serve design challenge f o r  n m r o u s  reasons - 
t h e  m u s t  troublesome of which are: 
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a. 
each gimbal ac tua tor  is a function of a r m  geometry. Thus, as the  man- 
ipu la tor  moves about,  the I.-.ad i n e r t i a  presented ta each j o i n t  varie,.. 
Varying arm iaertias- - the  i n e r t i a  r e f l ec t ed  t o  the output s h a f t  of: 
b. 
unloaded, operat ion with a var ie ty  of payloads at tached t o  the  end 
effec.tor is required. This payload vh r l a t ion  accentuates the  changing 
irertia problem intvcducea above. 
Varying payload i n e r t i a  - not only must the  manipulator funct ion 
c. Eonlinear Equations - the con t ro l  equations contain the s i n e  and 
cosine 02 ths elbow hal f  angle. 
the  j o i n t  ac tua tor  servo loops, requi r ing  a l i m a r i z a t i o n  t o  be per- 
foraed before standard l iwar servo design techniques are useful.  
These nor,lim.ar funct ions e n t e r  i n  
d. 
fo r  the b i l a t e r a l  con t ro l l e r  and the rate knd force  s e n s i t i v i t y  lor 
che uoilacera  1 iate controllers are operator  s e l ec t ab le  parameters, 
the loop gains associated with these functions l ikewise must vary. 
l nese  changing gains  a f f e c t  servo performance and thus inf luence 
che design procedure, 
Vdrying l c c p  ~ c &  - s ince  the force r e f l e c t i n g  and motion r a t i o s  
Design T e c h n i E  
To s t a b i l i z e  each gimbal actuator  a serva compensation ietwork (SCN) 
was fabr ica ted  t o  ?ppro : i r i~ te ly  s h i f t  the phase c h a r a c t e r i s t i c  of 
the input torque cmmd,  To design the  SCNs,  l inear ized  open loop 
t r ans fe r  functions vese obtained fdr each con t ro l l e r  (bilareral) 
and m n i p u l a t s r  servo motor. These cransfer  functions were derived 
by f i r s t  consideriq? a l l  loops (determined by the ccn t ro l  laws) 
associated with a pa r t i cu la r  gimbal. and then l i n sa r i z ing  the loop 
cqriations t o  yieid the desired function. Since a l inear ized  ara lys i s  
i s  va:id only f a r  a small region surrounding the  l i r r ea r imt ion  point ,  
a nozairal am con'iguratron (Q 
chc &sign procedure, Likewise, midrange values Gf ~ h c  v a r i a b k  L o p  
= 90") w a s  se lec ted  t o  i n j t i a l i z e  e 
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gains  (force r e f l e c t i n g  and motion r a t i o s )  and load inertias were 
i n i t i a l . l y  used i n  each t r a n s f e r  funct ion t o  y i e l d  compensathg network 
centered a t  a "nominal" ga in  crossover frequency. 
The SCNs ,  of the  lead var iz ty ,  were used t o  provide la rge  amounts of 
phase s h i f t  of the  "nomina1" gain crossover frequency (o ). Since 
ngc 
a 20° phase ;nargin appears more than adequate t o  s t a b i l i z e  the  j o i n t  
ac tua tors  of a nanipulator  system subjected t o  Low frequency smoothly 
varying input commands, a 60' phase =:gin pas placed a t  o 
hcpes t hz t  as the  i ne r t i a ,  gains,  and a r m  geometry changed, th is  
s t a b i l i t y  parameter would not d i p  below t h e  20" value. The SCNs were 
fabr ica ted  from a c t i v e  compiments and fea tured  a progrvmaable design, 
as w i l l  be discilssed momctar i ly .  
ir, t he  
ngc 
Manipulator Elbow G i m b a l  Servo System 
Since all servo s y s t e m  of the  con t ro l l e r  and manipulator were designed 
with the same philosophy, only the one appl icable  t o  the  m n i p u l a t o t  
elbow i s  presented t o  e x p l i c i t i y  revea l  t he  tecLnique used. 
represents  the  t r a n s f e r  funct ion of the  elbow a .-or and its associ-  
a t ed  range and e l eva t ion  feedback loops v a l i d  f e r  ine b i l a t e r a l  and 
"rate-posi t  ion" cont ro l  modes. 
Fig. 111-12 
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Figure 111-12 Manipulator Elbow Servo System 
a. I$., = curren t  d r i v e  power amp. ga in  
b, 5 = servo motor torque s e n s i t i v i t y  
c .  FI = i n f i n i t e  source impedence damping c o e i f i c i e n t  
d,  N = gear  ratio 
E-47 
e.  
f. 
g. 
h. 
i. 
j. 
k. 
1. 
m. 
n. 
0. 
P. 
P a  
J = actuator  assembly and load j w r t i a  
S = Laplace operator 
8 = zlbow angular pos i t ion  e 
Y = : / 2  8 
CY = Cosine (7) 
SY = Sine (7) 
L = manipulator segmnt  iength 
e 
= manioulator range forward loop gain 
$LE = manipulator el.evar;ion f o r w a d  loep gain 
r = range posi t ion C O ~ R ~  
9 = e leva t ion  position conrmand 
8 
SCN servo compensation netwcrk 
C 
C 
S e macipulator shoulder p i t ch  angular pos i t i oo  
Liuear iz ing about a ncmiaal arm geometry, t he  follewing substitutions 
can *be =de: 
where the  K.  a r e  gains  determined by a r m  posit ion.  Simplifying, the  
above f igure  i s  reconstructed as shown i n  Fig. 111-13. 
1 
E-4s 
e 6 
Figure I I I - 1 3  Linearized M a n i p l a t o r  Elbow Servo System 
Subs t i t u t ing  midrange values  f o r  KFlrZ, slE, and J ,  the o?en loop Bode 
gain  2nd phase curves of the Fig. 111-13 t r a n s f e r  func t ion  can be 
p lo t ted  tn r evea l  the location and s h p e  cf the needed s t a b i l i z a t i o n  
network. 
Servc Compensation Network -
As mentiowd, tbe servo compens;Lion networks were of t h e  lead type 
having t h e  genercl  t r a n s f e r  funct ion 
(111-2) 
where 2 and a a r e  the  zaro and pole break frequencies ,  res!)ectively. 
The f i l t e r  introGuces no dc a r t i n u a t i o p  and can e a s i l y  produce 60° 
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phase s h i f t s .  A t  the  time design work was proceeding on the  servo 
system, the  SMA hardware was i n  fabr icat ion.  This f a c t ,  coupled 
with seve ra l  add i t iona l  unknowns (such as des i red  range of FRR and 
MR values)  d i c t a t ed  the  f i l t e r  networks be prograuinable, That i s ,  
as the  hardware became a reai i ty  and desLred opera t iona l  performance 
bzcame firm, t h e  servo systems could be a l t e r e d  by e a s i l y  ad jus t ing  
the  SCNs. 
t i o n a l  amplifiers.  Potentiometers 1 and 2 provided adjustment of t h e  
zero break frequency (10 - < a 10 ) with poteptiometer 3 varying 
the zero-pole separat-ior? (1 5 b/a  50). 
Fig, 111-14 revea ls  the  GSCN r e a l i z a t i o n  u t i i i z i n g  opera- 
- 3  2 
Although . le compeQsct ing technique y ie lded  a w e l l  s t a b i l i z e d ,  highly 
v e r s a t i l e  manipulatcr servo system, the approach is  by no m a n s  op t i -  
mum. Troublesome areas t h a t  &io-Jld Le cor rec ted  preceding add i t iona l  
simulations are: 
(I) h a d  f i l t e r s  t h a t  introduce large amouilts of phase s h i f t  have 
p s i t i v e  gain i n  t h e  high frequency region, thereby accentuat ing 
noise  problems. 
(2) Lead f i l t e r s  general ly  increase a s y s t m s  bandwidth. Since the  
SMA has a low bandwidth requirement ( 5 1 bz) ,  t he  increased 
response allowed the  e lectr ical  t i m e  constants  of the  torque 
motors t o  becorrz noticeable.  These constants  were co t  included 
i n  the servo model and thus unpredictable  behavior occurred f o r  
large values of b/a. 
(3) Large values of FRR and MR could not be achieved. As the  I$i and 
K gains  became la rge ,  t h e  f i l t e r  widths were i n s u f f i c i e n t  t3 
assure a t  least a 2G1 phase nurgin,  and consequently i n s t a b i l i t i e s  
occur red. 
S 
Descript ion - Eawk cont iwl  r e f e r s  t o  the  automatic p h r t i a l  o r  f u l l  
a t t i t u d e  h o l d  of the rn~nipula tor  wrist gimbals. W i t h  a hawk mode a c t i -  
E- 50 
M 
(Y 
r( 
u 
0 4 
6 
E: 
H 
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vated, the  operator can t r a n s l a t e  the manipulator i n  range, azimuL:l 
o r  e leva t ion  and the  w r i s t  gimbals w i l l  be automatical ly  dr iven such 
t h a t  the  terminal  device does not change i t s  o r i g i n a l  a t t i t ude .  
Fig. 111-15 crudely depic t s  an i n i t i a l .  aanipulator  pos i t ion  with 
respect t o  a f ixed work s i te  foll6wed by two finai pos i t ions  ind ica t ing  
how t h e  wrist a t t i t u d e  (one DO:.' shown only) changed with ana without 
hawk control .  
Work S i t e  
a. I n i t i a l  Posi t ion 
Probe 
Receptacle 
Probe Wrist 
b. Final  Pos i t ion  with Hawk Control . 
7 
c .  Final Pos i t ion  Without Hawk Control 
Figure 111-15 Wrist At t i tude  Hawk Control 
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To implement hawk cont ro l ,  the needed w r i s t  gimbal a t t i t u d e  changes 
a re  computed from knowledge of changes i n  the  shoulder snd elbow 
gimbals. The computed values a re  then sumed with the osera tor  
couunands and applied t o  the wrist ac tua tors  t o  maintain tire TD a t t i -  
tude i n  the desired posit ion.  
Range Hawk - Two types of hawk cor.tro1 were used i n  the SMA simulation. 
The f i r s t  technique, denoted "range hawk", was the s i m p l e s t  of the two 
methods i n  tha t  only the  wrist  pi tch was affected.  
l a t i o n a l  command was given, a dr ive t o  the wrist pi tch was applied 
t o  prevent an a t t i t a d e  change. The three w r i s t  cormands, Figs,  111-5 
and 111-11, for  range hawk are: 
When a range t rans-  
(I1 I- 3) 
F u l l  Hawk - The second method was a " f u l l  hawk" i n  t h a t  a l l  th ree  wrist  
gimbals were dr iven t o  prevent an a t t i t u d e  change occurring from a 
range, azimuth, or  e leva t ion  t r a n s l a t i o n a l  motion. The three  hawk 
coucuands were determined by computing the  TD body rates, given the  
shoulder and elbow gimbal r a t e s ,  and then der iving w r i s t  gimbal rates 
from these body r a t e  values,  
used i n  the  ca lcu la t ions ,  with the  following eqaat ion reveal ing the  
three  w r i s t  hawk commands, 
Fig. 111-16 def ines  the a x i s  systems 
(111-4) 
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where 
t h  = Euler angle coordinate transformation from ith t o  j 
Di j 
D t l  
coordinate system. 
-1 = Euler rate transformation from shoulder p i tch  and yaw'gimbal 
r a t e s  t o  ax i s  system 1 body rates .  
D t g  = Eule r  r a t e  transformation from axis  system 3 body rates 
t o  wrist giinbal rates. 
Subs t i tu t ing  the D transformations i n t o  111-4 y i e l d s ,  . . SklPs 
'ah c YJu 
=- 
. . 0 
. 
3. Buh = -COIYls, 
where 
a. - 8  + o  +Q, e S 
(111- 5) 
(111-6) 
b, So1 = Sine (91) 
c. CQ1 Cosine (e,)  
d. Cy3, = Cosine (JL) 
e. Tflo = Tangent (I$,,). 
Addit iona 1 Des i red  Trans f ormat- 
It  was observed in  the evaluat ion of the  var ious range, azimuth, 
e leva t ion  con t ro l  modes t h a t  i n se r t ion  or r e t r ac t ion  of a probe 
(x- module) i n  a pure X ,  Y, or  Z d i r e c t i o n  presented moderate d i  - 
cu l t i e s .  I f  the capabi l i ty  had been provided t o  issue commands i n  
the TD ax i s  system (113 system of Fig. 1 1 1 - l u ) ,  pure  X Y Z  motion 
(referenceJ t o  the 13 a x i s  system) would 
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have been e a s i l y  accomplished. The needed transforrration 
(111- 7) 
r e l a t e s  commands &3) giver. i n  a x i s  system 3 t o  the appro,ciate RAE 
values i n  ax is  system 4 (t te range vector).  
y i e lds  
h b s t i t u t i n g  for the  D i j  
where Y = 112 0,. 
Noted, t h a t  t o  achieve the  des i red  TTI Cartesian motion, .,IC above 
transformation a u s t  be used i n  conjunction w i t 5  the  " f u l l  hawk" mode. 
When XYZ cont ro l  of the manipulator t i p  is desired,  the  quest ion arises 
as t o  r e l a t i v e  complexi+.y between: 
(1) A spher ica l  base system with f u l l  hawk and a TD to  range vector  
t r a n s f o r m t i o n ,  and 
A Cartesian base system w i L n  f u l l  hawk. (2) 
It i s  believed, although not y e t  proven, t h a t  t he  spher ica l  approach 
s impl i f i e s  the problem, f o r  no Jacobian inversion is r equred .  . 
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IV.  Sirnulacion Description 
-411 cont ro l  of the ;lave a m  for  acccmplishing the simulation t a sks  
w- t s  conductea from the operator 's  cont ro l  console usiag the  TV images and 
other displays.  
sent  t o  the  analog ccmputer which then ca lcu la ted  the torque connands t o  
each of the  SMA jo in ts  according t o  the cont ro l  laws discussed i n  Sect ion 
111. Act&.: arm motion vas thec picked up by the  TV cameras, sen t  t o  the 
console a- . , . ITS,  dud used by the  operator t o  determine nis next input 
cctnmand. The operatcr could pan, tilt, 3r zoom as des i red  t o  improve h i s  
morior Derception a b i l i t y .  
were a l so  displayed t o  the  operator atid used, i f  required t o  determine h i s  
next command. 
Input comands from the  rate 0; pos i t ion  con t ro l l e r s  were 
Arm j o i n t  angles a d  conunanded forces  and torques 
A c o n s i k r a b l e  amount of kitovledge and informatiot  about system oper- 
a t i o n a l  c h a r a c t e - i s t i c s  %as learned &.ring the  system checkout phase and 
i n i t k l  fami l i i - ' i za t ion  period. MUG! of t h i s  understanding is  subjec t ive  
ir: nature and as such llay not  necessar i ly  be supported by the  recorded 
simulation data. This information however w i l l  be r e f l ec t ed  i n  the 
conclusions presented i n  Section V, 
also was used t o  e s t a b l i s h  des i rab le  ranges cf operat ing condipions, 
such as metion ratios, force  and torque r a t i o s ,  md rate gains ,  which 
were used during the d,ita rcccrdinb -jeriod. The spec i f i c  values of these  
variab1;s used ZL iu; a r u n  were recorded on data sheets .  
as tc paraneter 'r.'cles for fu ture  use are preseared i n  Section 17. 
The i n i t i a l  f ami l i a r i za t ion  period 
Recornenbations 
S i m l a r i o n  Tasks . Each operator WJS required t o  acctnnpllsh very a , x i f i c  
t a s k s  using the  var ious c a p a b i l i t i e s  designed intc the  t a sk  panel. 
t a sks  are described i n  t h e  following: 
These 
From a speci'ied i n i t i a l  oos i t i on  of t he  %, translate t o  and 
attempt t o  a l ig .  the teratinal device v i t h  the  f ixed  8" long bar. 
the i n i t i a l  a i s a l igned  arm position =ras defined by the  fo1lowing 
w r i s t  angles, p i t c h  = SO0, yaw =-30°B and r o l l  = - 3 O 0 ,  and a t i p  position 
approximately 3 f t  t o  the  r i g h t ,  2 f t  down and 1 f t  in front of t he  
f ixed  bar. After angular alig-ut data was taken, the  operator  
was ins t ruc ted  t o  grab the  bar,  and apply a pure X force, then a 
p t r e  P force,  and then  a purz 2 force (no t r a n s l a t L m  involved), 
After at taching t o  the  square trmslatioual f r i c t i o n  rod, attempt 
t o  p u l l  t h e  rad a u t  and tSen push it i n  (rr t r a n s i a t i o n a l  motion) 
while keeping sZde loads on t he  rod (Y and Z d i rec t ions )  t o  a minimum. 
This rod was held by a f r i c t i o n  device sv-h t h a t  it could only s l i d e  
i n  t h e  X d i r e c t i o n  and with a push/ful l  force of approximately 3.5 
lbs. 
N t e r  a t taching  t o  t h e  r o t a t i o n a l  bar, attempt t o  r o t a t e  t he  bar 
about ftt hinge point through 30' with mitlinrm X,  Y, or 2 forces 
appl ied t o  the t a sk  panel. 
th rs lgh  d frictjon dnvice which required 1.5 f t - l b s  of torque t o  
ro ta te .  
With 8" Long, l,'$ d i m .  pii ii. g r i p  of- end e f fec to r ,  i r . i t i a l ly  
alig7 the pin with tke  large l-iI4" diam. receptacle. 
angiilar a l i g m n t  .lata, a t t empt  co insert and rzti-act  the p i n  i n  
t:,e rscopcacle while ninimieing side 0' 2) forces.  
This bar was at tached t o  the t a sk  panel 
After taking 
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E ,  With 8" long, 1/4" diam, pirl in g r i p  of ecd effec'icr, i n i t i a l l y  
a i i b  1 the  pin with -11 1/2" diam. receptacle,  After  taking 
angular alignment da ta ,  a t t e m p t  t o  i n s e r t  and retract the p i n  
i n  the  receptacle  v h i l e  minimizing s ide  (I and 2) forces. 
These tasks  are those f o r  which t a sk  t i m r  and forcr and mment data  
were recorded. h e  to t i m e  l imi t a t ions  it w a s  not possible t o  t a  
data  on other  t a sks  designed i n t o  the t a s k  panel. 
Data and Results Discussion - A sumary  of the  task t i m e  da t a  f o r  each of 
the tasks  and cont ro l  a l t e rna t ives ,  and f o r  the three operators  i s  shown 
i n  Table IV-1.  Where no task times are shown, e i t h e r  the task was not done 
o r  no time was taken because the task or  task times were not  considered 
important. 
Angular alignmen: da t a  was  recorded f o r  several of the  tasks  t o  determine 
~ G W  w e l l  the operator  could a l i g n  the TD perpendicular t o  the task panel. 
No angular alignment a ids  were used, and i t  was  evpected that alignments 
w d l d  not  necessar i ly  be good. 
were even des i rab le ,  because a goal of the simulations was t o  assess how 
w e l l  the  d i f f e r e n t  cont ro l  systems could t o l e r a t e  the angular misalignments. 
Certainly these misalignments made the tasks  m c h  more d i f f i c u l t ,  and i t  is 
reccmesded that i n  actual manipulatcr system use, an angular alignment a i d  
be u t i l i z e d  t o  i n i t i a l l y  align the TD with the tank panel very accurately.  
Ge:ieially, the operacot could a l ign  the TD i n  r o l l  and yaw t o  within 
approximately 5 altd 10" respectfvely.  
uore of a probZem wag general ly  misaligned by 25 . 
The angular misalignments were allowed, and 
3 The p i t ch  M F  seemed to  present 
0 
In  the following, ea.3 task i s  discussed separately,  and samples of 
the ro-corded. data  are shown. 
Task -2. S t a t i c  Application of Fure X, Y, and 2 Force - Both the u n i l a t e r a l  
rate and b i l a t c r n l  pos i t ion  techniques demonstrated the a b i l i c y  of a,  range, 
a z i m t h ,  e leva t ion  control  schene t o  apply pure X, Y and 2 forces  (ieferenced 
to tne task panel) .  
con t ro l l e r  types was Dr i rnar i ly  the saW--apply a force i t1  t h e  R, A,  or E 
d i r e c t i o r  roughly corresponding to  the desired X, k, or Z d i r e c t i o r  
s v s t e m t i c a l l y  n u l l  cut unwanted forces ar,d monents (revealed by meter d i 8 p h y )  
The force appl ica t ion  technique u t i l i z e d  €or both 
then 
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TABLE IV-1 
TASK TIME DGTA 
TIME IX SECOXDS 
FOK ALL TASKS AND OPERATORS 
I 
1 
R- R 
130 
49 
9 
45 
29 
?5 
12 
5 
150 
15 
50 
15 
Operator 
-. 
3 ._ 
R-P 
165 
39 
85 
50 
52 
23 
170 
16 
K- R 
25 
45 
1.3 
55 
10 
- 
EZL 
148 
45 
9 
95 
15 
- 
R- F. 
10 7 
80 
37 
73 
135 
38 
49 
R- R 
15 
15 
3 
6C 
10 
? 30 
1 5 
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as :hey developed while continuing the pressure In the pr imary  d i rec t ion .  
The b i l a t e r a l  con t ro l l e r  presented minor d i f f i c u l t i e s  by coupling the desired 
force with the c ther  degrees of freedom--although if care  and pat ience were 
caken, t h e  task could cons is ten t ly  be accomplished. Figcre IV-i depic ts  
force appl ica t ion  with the  rate r a t e  system and re . feals  the cocsistency 
between cont ro l  l a w  derived an6 load cell measured applied forces .  
Task B, Fr ic t ion  Rod Retract ion and Inser t ion  - Fr ic t lon  rod motion was one 
of the more d i f f i c u l t  t a s k s  t o  cons i s t ec t ly  complete. Small forces  and 
torques applied i n  the off-motion d i r ec t ion  would bind the rod such t h a t  
extremely la rge  forces  were needed t o  produce any motion a t  a l l .  operat ion 
with the r a t e  can t ro l l e r s  produced cmsistent task completion, although m n  
t L m e s  twre often excessive resul  t i ng  from a "stop and think" pariod followed 
by tr ial  and errrir conmands to  diclodge the rod. 
b i l a t e r a l  control  seemed to  complicate tile task a t  rimes, yet  perform 
superbly on o ther  runs. 
applied t o  the b i l a t e r a l  con t ro l l e r ,  the rod would insert and retract 
smoothly with one clean motion. 
s i t u a t i o n  became ansalvageable dve t o  coupling between a l l  con t ro l l e r  degrees 
of freedom. 
Payload Hand 1 i n g  b imula t ion I t  R73 -48664-003) decoding the forde information 
fed back t o  ape ra to r ' s  hand was  a t  times impossible. Also previously noted, 
v i sua l  feedback tends t o  b s  dominant i n  t h a t  the force i n f o m t i o s l  i s  o f t en  
ignored o r  disbelieved i f  t h e  eye does not reveal the  problem being indiceted 
to  the hand. 
Cmt ra ry  t o  iutui-c,ion, 
I f  proc ise ly  the proper foxes  and to ra t e s  were 
I f  the rod began t o  bind, o f t en  the 
As noticed ir. a previous b i l a t e r a l  s imulat ion ("Two DOF Large 
E-6.2 
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[I] 
Task C ,  Bar Rotation - At the simulation onset, bar rotation was the one 
task believed unachievable with a unilateral rate system. At the simulation 
conclusion, bar rotation was the discovery key to a rate technique allowing 
any force related task to be accomplished. Initially, the task was 
attempted with the raze controllers by applying a slow wrist roll conanand 
followed by carefully nulling out the unwanted ?-orces that de\;eloped as the 
bar rotated. Likewise, with the bilateral controller, a wrist ro:l was 
applied and the controller was allowed to "track along" by loQsely holding 
the hand grip. Amazingly, both systems accomplished the rotation, although 
the bilateral was far superior. Upon reasoning why bilateral control was 
so easy, it became apparent the "track along" capability of the bilateral 
scheme was the answer. The "follow" nature of the input controller to slave 
motion prevented any unwanted forces from developing. ALtempting to 
incorporate this fea'.dre for the unilatersl rate mode, the translational 
DOr' servo stiffnesses were set to zero allowing the shoulder and elbow 
gimbals to freely backdrive. Now when a wrist roll corrrmand was biven, the 
bar easily rotated and the manipulator "tagged along for the ride". 
task was accomplished in -re seconds with minimim development of undesired 
forces and tnt. A 's. 
Tasks D & E. rro5LTnsertion - Inserting the small probc in the large 
diameter receptacle presenred no difficulties for either the unilateral or 
bilateral systen. Si clearance tclerance was so large the probe would 
never bind regardless of the misalignment error magnitudes. Probe insertion 
in small diameter recqcacle, on the other hand, was the most difficult of 
all attempter! ta5:,. 'fbs probs iYot ld  easily bind, Froducing the ideqtica; 
problem as encountered with the friction rod. Task completion could often 
not be achieved with the bilateral controller if t5e initial alignment 
Th? 
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e r r o r s  were large.  Although cons is ten t  success with r a t e  cont ro l  w a s  
achieved, task t i m e s  were la rge  when the pin became jammed. I t  w a s  learned 
the "free gimbal" techniques g rea t ly  aided the rate cont ro l .  Once the probe 
t i p  was successful ly  mated with the receptacle ,  the s e r w  s t i f f n e s s  of the 
a l t i t u d e  gimbal was set t o  zero, allowing the wrist t o  s e l f - a l i g n  with the 
hole. Once aligned, the proper RAE commands were more e a s i l y  achieved to  
f i n a l i z e  probe inser t ion.  
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V. Conclusions and Recommendations 
Control Law Discussion 
1. Rate-Position System - A c h a r a c t e r i s t i c  of t h i s  system is t h a t  
forces  and torques applied t o  or  by the arm can 'Je held a f t e r  the  con- 
trollers have been returned t o  nul l .  
a d i r e c t i o n  not desired must be nulled by con t ro l l e r  commads. 
the  applied forces  and moments were known and were displayed t o  the  
operator ,  he could readi ly  and qu i t e  accurately n u l l  these unwanted forces.  
To accomplish t h e  t a sks  with t h i s  system, the  operator would bui ld  up 
forces  i n  t h e  d i r e c t i o n  required,  while continuing t o  n u l l  forces  i n  the  
other  d i rec t ions .  
port ion of t h e  t o t a l  t a s k  t ime.  
This means t h a t  a force build-rip i n  
Since 
This continued nul l ing  procedure did consme a large 
The primary problem with the  rate-posi t ion system was the  inherent  
a b i l i t y  t o  bui ld  up error s igna l s  which could become la rger  than the  
l eve l  corresponding t o  maximum force capab i l i t y  of the  arm. If t h i s  
occurred, it was necessary t o  apply a coamAnd t o  reduce t h i s  e r r o r  
s igna l  t o  where a force change could be detected.  During t h i s  t i m e  
t he  operator  had no indicat ion of exact ly  what was happening and it  
became r e l a t i v e l y  eesy t o  lose  con t ro l  of the  arm, i.e. not knowing 
inmediately what t o  do t o  regain control.  
avoided by introducing log ic  i n t o  the  con t ro l  equatiolr; such tha t  the 
e r r o r  s igna l  could not continue t o  bui ld  up a f t e r  it reached a maxhum 
level .  
well fo r  t he  tasks  attempted, 
This problem however could be 
With t h i s  addi t ion ,  the rate-posi t ion system should work relatively 
2. Rate-Rate System - A c h a r a c t e r i s t i c  of t h i s  con t ro l  system is 
t h a t  f o r  a fixed t a sk  panel fo rces r sd  torques applied t o  or  by the arm 
E- 66 
can be held only by maintaining a con t ro l l e r  de f l ec t iop ,  i.e. when 
con t ro l l e r  def lec t ions  a r e  nulled,  a l l  forces  on the  arm w i l l  quickly 
go t o  zero (within j o i n t  backdrive f r i c t i o n  levels) .  
must be backdriveable, as the  SMA j o i n t s  are, fo r  t h i s  t o  occur. Tkis 
c h a r a c t e r i s t i c  was judged t o  be very des i r ab le  s ince  it was no longer 
necessary t o  ac t ive ly  n u l l  forces  o r  torques i n  unwanted d i rec t ions .  
I n  e f f eL t  they were nulled automatically.  Furthermore, the  time required 
t o  automatically nul l  unwanted forces  was var i ab le  by con t ro l l i ng  the rste 
loop gain. High gains made the  system capable of supporting forces  f o r  
long periods while zero gains meant t h a t  no forces  can be supported. 
Rate-posit ion vs Rate-Rate - The inherent  va r i ab le  
The a r m  j o i n t s  
Comparison: 
backdrivcabi l i ty  of the rate-rate system i s  considered a grea t  advantage 
i n  accomplishing the tasks as f a r  as both time and ease of doing the  t a s k s  
are concerned. A similar e f f e c t  can be obtained i n  t h e  ra te -pos i t ion  
system by lowering loop gains  (in t h i s  case system compliance i s  changed), 
however, the inherent requirement of everitua 1 pos i t  ion correspondence 
of in tegra ted  comnands a d  ac tua l  t i p  pos i t i on  negates the  des i rab le  
e f f ec t .  For both systems, the  displayed forces  and torques,  which are 
very necessary fo r  doing serv ice  or  maintenance tasks  i n  order t o  know 
what i s  happening, were judged t o  be very easq t o  use for  control.  
use however was required much less for  t he  rate-rate system than the  rate- 
pos i t ion  system. 
Their 
3. B i l a t e r a l  Pos i t ion  System - The primail  c h a r a c t e r i s t i c  inherent 
i n  the  b i l a t e r a l  system i s  !cia'; forces  and torques applied t o  o r  by the 
arm are f e l t  d i r e c t l y  by tbe operator 's  hand. Forces on the  arm can be 
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sustained only if an opposite force i s  applied t o  the cont ro l le r .  
Although t h e  b i l z t e r a l  system was operat ing well and a l l  t a sks  c0d.d 
be accomplished, there  were several problems which presented d i f f i -  
c u l t i e s  t o  the operator. 
coupling between forces  2nd torques. 
whenever forces  a re  applied and forces  develop whenever torques are 
appl ied.  I n  a s i t u a t i o n  where a l l  forces  and torques are ac t ing  
s h l t a n e o u s l y ,  which was t r u e  of almost a l l  t a sks ,  it was d i f f i c u l t  
fo r  t he  operator t o  quickly discern,  fromwhat he f e l t  i n  h i s  hand, 
what hss  next comnarld should be. 
some f o r  t h e  t a sk  of i n se r t ing  t h e  small p in  i n  the  small receptacle .  
One of the  major problems was che c ross -  
Wrist torques are developed 
The problem was pa r t i cu la r ly  bother- 
Another problem t h a t  w a s  bothersome t o  the  operator  concerned 
the  con t ro l l e r  i t s e l f  and was due t o  the  f a c t  t he  con t ro l l e r  was not  coun- 
terbalanced wnen displaced i . 1  t h e  X and P di rec t ions ,  The forces  the  
operator f e l t  from the non-counterbalance degraded h i s  a b i l i t y  t o  de t ec t  
forces  fed back from the  slave, 
in t en t iona l ly  Ipinimized by using the  c o n t r o l l e r  a t  o r  near i t s  most 
upright pos i t i on  (which probably incre-sed t h e  number of required 
indexes). It is believzd, however, t h a t  the basi ;onclusion 
drawn from the  simulation would not  change i f  t h i s  problem were corrected. 
During operat ion t h i s  problem was 
The b i l a t e r a l  system also scems t o  be a much more fa t igu ing  mode of 
operat ion tha.n the r a t e  systems. Besides t i r i n g  the 
arm, the hand muscles a l s o  become fa t igued due t o  the t i g h t  
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gripping forcc reauired t o  firmly hold the cont ro l le r  grip.  Furthermore, 
the posi t ion cont ro l le r  IT st  continuously be held f w  long period:, of 
t i m e ,  i f  several  t asks  a r e  t o  be accomplished, i n  crder t o  always main- 
taim slave control.  
allow any "hands off" type of opert t ion.  
t o r  can let  go of the cont ro ls ,  re lax ,  md take t i m e  t o  study a problem 
before input t ing another connnand. The pos i t ion  con t ro l l e r  must always 
be held. This generally leads t o  mre mental fa t igue  with the  pos i t ion  
system as w e l l  a s  physical  fa t igue.  
I n  other  words, the pos i t ion  system does not 
Using the r a t e  system, the opera- 
4. Uni la tz ra l  Pos i t ion  System - The u n i l a t e r a l  posr t ion system, 
where no forces  are sent  back t o  the  con t ro l l e r ,  was determined t o  be 
the  most d i f f i x l t  mode of operation. 
system. 
t o  use the f x c e  2nd moment information displayed on the  meters. 
was determined t h a t  much b e t t e r  control  of t h e  applied forces  could be 
obtained using the 2, 3-DOF rate co t i t ro l le rs  than t h e  single 5-DOF pos i t ion  
cont ro l le r .  
No da ta  was taken using t h i s  
To perform t a sks  with the u n i l a t e r a l  system, it was necessary 
It 
Comparison: Rate-Rat< vs Bilateral Pos i t ion  - The simulation da ta  
shows t ha t  i n  genezal thc  operator m u l d  perform the  tasks  f a s t e r  and 
b e t t e r  with the  r a t e - r a t e  system than  with the b i l a t e r a l  system. A i l  
operators d e f i n i t e l y  preferred the  rare-rate system and agreed t h a t  
t h i s  system i n  general  required less t r a in ing ,  was less m n t a l l y  and 
phyqically fa t iguing,  gave muck smoother control ,  and rresented much 
l e s s  cross-coupling problems (par t icu lar ly  when using the  rate-rate 
system var iab le  backdriving ci.pabi14 t y )  than the b i l a t e r a l  system. 
E-69 
Discussion of ? ther  Simulation Paramosers 
1. Hawk F!.de - Although not thoroughly invest igated duting t h e  simula-ions, 
the hawk mode, or  au to ra t i c  terminal device a t t i t u d e  ho13 rode, was detei- 
mined t o  be a valuable ".cntrol law. If the  a t t i t u d e  of '-he TD could be 
i n i t ' . a l l y  aligned pendicular t o  the t a sk  paqel face,  w!. 
easily accomplished with a simple alignrrsnt a id ,  the  (fvll)  Pawl mode 
would assure t h a t  t r ans l a t ions  of the  TD anywhere across the  panel would 
not ixuduce. ary a u u l a r  mlsal igments .  
accomFlisiAed without fu r the r  manual a t t i t u d e  inputs.  
l a t i o n s  of the a r m ,  t h e  !Range) Hawk mode would assure t h a t  no a t t i t u d e  
changes of the  TD, and at tached payload, i f  any, would occur relatibe 
t o  the  operators  view from the base TV Camra. 
2. Automatic TV camera Tracl-ing of TD T i p  - This fea ture  which is very 
e a s i l y  implewnted, was judged t o  be very desirablt-  f o r  gross motions of 
t he  I'D, For tasks  wrhere onl-3 small "rn motion and a sm;?ll field-of-view 
are required,  automatic TV t racking was f e l t  t o  be undesirable. 
recommended implementation is  the  sdme as used i n  the simulation, namely 
a auto t r ack  onfoff switch with manual p a n / t i l t  con t ro l  always avadaole .  
A fea ture  not ava i lab le  i r  the simulation was a var iab le  rate mmua1 pan/ 
t ilt  control.  
cawras sd: :t.ments when viewing -1obz- in  ( 8 ~ ~ 1 1 1  FOV). X continuods 
rate v n n t t . .  *s not required,  possibly only on high, medium, or  low 
se t t i ng .  
3. 
l a t i o n a l  motior. of the arm, m 0 L i r . l  correspondence between ,ictus * knd cmtlarded 
could be 
Many tasks  shculri be ab le  t o  be 
For gross t rans-  
The 
It is  recommended that t h i s  be add&, espe' i a l l y  f o r  
Control Axis CorlsideratLons - For general  operat ion on g r ~ s s  trana- 
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motion d i rec t ion  has always been considered a h s t  maadatory fo r  good control. 
The sphe r i ca l  reference axis system used for the cont ro l  laws has inherent 
cc, : ' ha ted  control i f  the t i p  is viewed from a camera located a t  the a r m  
shoulder. 
position because of mechanical and v i sua l  interference. 
location seemed t o  be a t  shoulder height but approximately 5 f t  t o  e i t h e r  
side of the  arm base. 
area and TD, and did not a f f ec t  coordinated motion t o  the extent that uas 
bothersome t o  the operator. 
t o  the arm used i n  the simulation, the w r i s t  r o t a t iona l  motions were a l s o  
suf f ic ien t ly  coordinated with w r i s t  carrmands such t h a t  no par t icu lar  cont ro l  
problems were noted by any of the operators, It is l ike ly  tha t  this i s  
true independent of task panel orientation, so long as the  operator can 
see the w r i s t  gimbal axes. 
u la t  ions. 
In  real i ty  of course the camera could not be placed a t  t h i s  
The best camera 
This gave a su f f i c i en t ly  clear view of the work 
For the  orientation of the  task panel relative 
This should be proven however in future sim- 
Although it w a s  determined tha t  the control k w s ,  especially the  
rate-rate system, are to le ran t  of large angular misaligments between 
TD and task panel and of t rans la t iona l  ccmmands not parallel or perpendicu- 
lar t o  the  task panel (for say the pin insertion task), it is recoomended 
that a TD control axis capabili ty be added t o  the control l a w s  for  trans- 
l a t iona l  motion and used along w i t h  t h e  hawk mode. 
culty of doing the tasks was due t o  the f ac t  that the s p h e r i c a l  control 
laws gave for an X compand a t rans la t iona l  motion not perpendicular t o  the 
task  panel face. Thus where a pin is  being pulled out by an X comnand, 
motions i n  P and Z relative t o  t h e  task panel fixed axis a l so  occurred. 
This problem can eas i ly  be corrected by using the TD control ax is ,  which 
Much of the d i f f i -  
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would result in translational motions parallel ana perpendicular to the 
panel face (assuming the TD was perpendicular to the face to begin vith). 
This added control featcre, which requires only one No-axis transformation 
to implement (See Eq. 111-8, Page 111-331, should improve the performance 
of certain tasks ccnsiderably. 
4. TV Camera hcation - The TV camera located offset from the 
manipulator base provided tolerable visual coverage of the task panel. 
effector altgnment was difficult for the probe-receptacle mating task as the 
c m r a  angle did not provide gcod alignment cues. 
manipulator operation and with the visual scene did tend to minimize viewing 
deficiencies. A terminal device mounted camera would be a boon to delicate 
manipulation and to end effLctor alignment preceding a grasp, insert, or 
retract motion. While operatirg with a terminal device camera, control in 
the TD axis system vould be required and easily achieved with the addition 
of the 8 3  to #4 axis system trensformtion (Equation 111-8). 
End 
Familiarization vith 
5 .  Position Indexing - Position indexing the bilateral controller 
functioned exceeding well. The controller could easily be relocated by 
&pressing the index button with no discontinuities occurring at the 
controller or manipulator when the index button was released. 
as initially believed, the indeving function is essential to a nongeometric 
controller possessing variable motion ratio capability. 
It was revealed, 
6. Control Console Displays - The gimbal angle readouts were, for 
all pri-ctical purposes, useless. 
joint sngJes and, consequently, seldom glanced at the meters. 
the force and moment readouts were essential to the rate control, and to some 
extent were 21so needed for t h e  bilateral system. Desired force application 
with the rate svstem was simply achieved by monitoring the force meters. 
The operator was not concerned wfth actual 
To the contrary, 
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Inser t ion  and r e t r ac t ion  of the f r i c t i o n  bar and small probe were o f t en  
accomplished with the b i l a t e r a l  con t ro l l e r  only a f t e r  inspecting t h e  f c rce  
and moment meters t o  discover where the  unwanted pressure w a s  occurring. 
ne d i a l  ca l ib ra t ions  f o r  the force r e f l e c t i n g  and motion r a t i o s ,  as 
w e l l  as the rate con t ro l l e r  s e n s i t i v i t i e s ,  were benef ic ia l  i n  providing the 
familiar operator an easy "set-up" procedure a t  ;he beginning of each task. 
A l s o ,  mid-run adjustments w e r e  quickly made by a m e r e  glance a t  the cont ro l  
panel. 
The zoom lens  readout provided the  prec ise  focal  length,  i n  millimeters, 
of the adjustable  camera lens. 
viewing, the s t e reo  d isp lay  was synchronized by s e t t i n g  the zoom t o  6 W ,  
thereby matching the fixed 64MH focal  length of the  o t h e r  stereo camera. 
&cornended Control Technicrue 
Although of no g rea t  benef i t  fo r  monoral 
From the information gained i n  the SMA simulation, present  knowledge 
indicates  the rate-rate RAE/Rotation cont ro l  technique t o  be the most 
ve r sa t i l e  and s i m p l i e s t  t o  implement of the three schemes considered. 
Inclusion of the f u l l  hawk and TD t o  range vector  transformation equations 
yields  a system capable of operating i n  spher ica l  base and Cartesian terminal 
device coordinates. 
The following eight evaluat ion areas were considered in t he  determination 
of the preferred cont ro l  technique: 
1. 
t i o n a l  and ro t a t iona l  motion (probe i n s e r t i o n  being one example), rate con t ro l  
proved superior.  
the b i l a t e r a l  con t ro l l e r  due t o  r o t a t i o n a l  gimbals coupling the hand g r i p  
with the t r ans l a t iona l  degrees of freedom. 
Motion Coupling - For t asks  requi r ing  s t r ingen t  separa t ion  of transla- 
It was d i f f i c u l t  t o  purely t r a n s l a t e  without ro t a t ions  with 
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2. 
would precisely inform the  operator  of appl ied forces  and moments, it was 
o f t en  d i f f i c u l t  t o  usefu l ly  decode the  force and m3meuc information supplied 
the  operator  v i a  t he  hand gr ip .  
the process of i n se r t ion ,  the  binding mOment could not be ,tccurately resolved 
from the desired forces  and moments. 
3. Motion Sens i t i v i ty  - U s i n g  a "quick pulse" technique on the  input con- 
t r o l l e r s ,  the  rate system cons is ten t ly  yielded m i n i m u m  motion of 1/16 inch. 
Although 1/16 inch motion could a l s o  be obtained with the b i l a t e r a l  con- 
t r o l l e r ,  there was L i t t l e  consistency i n  t h e  a b i l i t y  t o  repeat the  motion. 
The rate system yielded extremely smooth motion fo r  both gross ana fine 
maneuvers whereas small motions with t h e  b i l a t e r a l  system were somewhat 
erratic due t o  the  opera tor ' s  i n a b i l i t y  to sup;,ly miniite carmands. 
4. 
by the  force and moment meter d isp lays  exceecled the mechanical force feed- 
back of t he  b i l a t e r a l  con t ro l l e r .  
achieved equal ly  w e l l  with both con t ro l  techniques - providing the  bi-  
lateral operator relied upon t h e  meter d i s p h y s  t o  ind ica t e  i n i t i a l  force 
appl icat ion.  
5. 
were comparable fo r  both con t ro l  schemps. By maneuvering, or f ly ing ,  t h e  
manipulator wrist pos i t ion ,  as both techniques did,  the operator e a s i l y  
achieved any des i red  motion. 
operator attempted t o  n u l l  a l l  arm motion innaediately preceding a fLne 
maneuver (probe in se r t ion )  t o  allow an assessment of f i n a l  a l i g m n t .  
Force Coupling - Contrary t o  the  i n i t i a l  be l i e f  t h a t  bilhteral  conrro l  
To exemplify, when a module would bind i n  
Force Sens i t i v i ty  - The s e n s i t i v i t y  of t5e v i s u a l  force feedback supplied 
Thus prec ise  force  appl ica t ion  was 
Mental and Physical  Requirements - The operator mental requirements 
One not iceable  d i f fe rence  occurred when the  
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During this “stop and think ti*”, the bilateral sys t em continuously 
transmitted res idua l  arm motion through the active cont ro l le r  t o  the  
manipulator, thus causing unwanted d r i f t .  
Physically, the b i l a t e r a l  cont ro l le r  proved t o  be qui te  tiring fo r  
Although gravity w a s  responsible for a portion of long duration tasks. 
the fat igue,  continued appl icat ion of a l l  desired forces and torque proved 
t o  be annoyingly exhausting. 
asmints of force appl icat ion with high precision, the  physicpl aspect 
of the  task appeared t o  become dominant and mentalmistakes,  such as 
a t t i t u d e  misaligmaent , frequently occurred. 
6. 
i n  r e l a t i o n  t o  servo system f l e x i b i l i t y .  Whereas servo considerations 
limited the  range of achievable motion and force r e f l ec t ing  ratios for 
the b i l a t e r a l  control ler ,  var iable  servo s t i f f n e s s  associated with the  
rats approcrh permitted free gimbal motion f a c i l i t a t i n g  self-aligrment and 
free tracking. 
technique t h a t  allowed large gain and i n e r t i a  changes. Although the bi-  
lateral system did accept large i n e r t i a  loading, as ~ n y  b i l a t e r a l  system w i l l ,  
s t a b i l i t y  s ens i t i v i ty  t o  la rge  gain changes was apparent. 
7. 
approach. 
times were recorded for both cont ro l  schemes, the  overa l l  time averages were 
approximately equal 
8. 
for table  operation was longer for the b i l a t e r a l  control ler .  No explanation 
For maneuvers requiring moderate to  large 
Servo System F lex ib i l i t y  - The rate system w a s  def in i te ly  superior 
The rate system was eas i ly  servo compensated by a versatile 
Task Times - No dominant task  time advantage was provided by e i t h e r  
Although i so la ted  cases of both extremely long and short  task 
Training Time - Surprisingly2 the  t r a i t i n g  t i m e  needed t o  y i e l d  com- 
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for this phenomenon is provided ior no solid reasons have yet been 
agreed upon. It is also not clear at this time rhether “training 
time” is even a - d i d  criteria for comparison - and thus no more than 
this passing mention is provided. 
Parameter Value Recommendation 
For the selected rate-rate RAE/Rocation control mode, following are 
recommended parameter values. 
choice and reflect the extremes of comfortable operating conditions. 
These values are based primarily on operator 
1. Translation controller sensitivity: 
a. Max. = 1 ft/sec. 
b. Min. = 0 ft/sec. 
2. Rotation controller sensitivity: 
0 a. Max. = 8 fsec. 
5. Min. = Oo/sec. 
3.  Servo Stiffness: 
a. Max. = 15 x 10 3 ft lbs/rad/sec (shoulder) 
-+ 
8 x 10’’ ft Ibslradlsec (elbow) 
2 x 10 ft lbs/rad/sec (wrist) 3 
b. Min. = 0 ft lbs/rad/sec. (all) 
4 .  Zoom: 
a. ?ax. = lOOMM 
b.  Min. = 20MM 
5 .  Force warning indicator: 
a. 70% of max. force or  torque 
6 .  Visual display: 
a .  Mono - Essential 
b. Stereo - H e l p f u l  for f i n e  alignment; t o  be  determined if 
actually essential. 
